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Foreword 


OLUME 57 of the Transactions of The American Society of Mechanical 

Engineers contains the individual papers published during 1935 under 
the sponsorship of the Society’s professional divisions and technical com- 
mittees, including the contributions of the Applied Mechanics Division issued 
originally in a quarterly known as Journal of Applied Mechanics, and the 
1935 Society Records and Index. The technical papers and reports that make up 
this volume represent the Society’s annual contribution to the permanent record 
of mechanical-engineering achievement. Most of these papers and reports 
were presented at meetings of the Society and of its professional divisions and 
local sections, and were published in monthly issues, eight being distributed 


-as the Transactions of The American Society of Mechanical Engineers and 


four as the Journal of Applied Mechanics. Other papers published by the 
Society but not included in this volume may be located by means of the Index 
on page RI-121 at the end of the volume. 

Because of the fact that material of which this volume is composed was 
originally issued periodically as Transactions, Journal of Applied Mechanics, 
and Society Records, three sets of page numbers will be found. Numbers 
without letter symbols are those of the eight issues of the Transactions, those 
with letter symbol A preceding the number refer to the pages of the Journal 
of Applied Mechanics, which follow, and those with letter symbol RI to the 
Society Records section, which concludes the volume: 

All sections of the Transactions are bound together at the end of the year 
for the convenience of libraries and of engineers who wish all of the papers in 
permanent form. Copies of the bound Transactions will be found in de- 
positories located in selected engineering, university, and public libraries 
throughout the world. A complete list of these depositories will be found on 
pages RI-117 to RI-120 of the Society Records and Index. Copies of the 
bound Transactions have also been set aside for sale. 

The Society Records of the A.S.M.E. for 1935, which form a part of these 
Transactions, are the permanent records of the Society’s activities for the year. 
They include lists of committees, annual reports of the Council and all Society 
Committees, and memorial notices of deceased members. The Index provides 
a means of locating special A.S.M.E. publications, and articles in Mechanical 
Engineering, as well as those in the Transactions. 
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The Elastic Properties of Steel at High 
Temperatures 


By GUY VERSE,? ANN ARBOR, MICH. 


This paper deals with the determination of the modulus 
of elasticity and of the modulus of rigidity of steel at ele- 
vated temperatures up to 500 C. 

Both a static and a dynamic method were used and their 
results are compared. Whereas previously most of the 
static determinations of these moduli have been made 
under increasing load, in the tests described in this paper 
they were determined under decreasing load, according to 
the method proposed by F. L. Everett. The tests show 
that within certain limits the results obtained by this 
method are practically independent of the rate of loading. 
This appears to be due to a strain-hardening effect occur- 
ring upon loading and detected upon unloading. 

The comparison between the static and the dynamic 
tests shows that the values of E, modulus of elasticity, 
and G, modulus of rigidity, determined statically under 
decreasing load are close to the values obtained dynami- 
cally. However they are somewhat lower for tempera- 
tures above 400 C. 

The values obtained for E and G by static tests under in- 
creasing load are not reliable owing to the difficulty of dis- 
criminating between the elastic and the plastic deforma- 
tion. 

The values determined dynamically are the most reli- 
able. 

The variation of Poisson’s ratio with temperature is also 
presented, the values of « being obtained by calculation 
from the values found for E and G, 


HE need for more research relating to the determination of 

the elastic properties of steel at high temperatures has been 

pointed out in recent years by many investigators and de- 
signers of power-plant equipment. 

The question, however, has been given attention for a consid- 
erable time. As early as 1877, Pisati investigated Young’s 
modulus for iron up to 300 C, and expressed his results by means 
of a third-degree empirical formula which shows a gradual de- 
crease of the modulus as the temperature rises. 

The existence of non-elastic or permanent deformations, of in- 
creasing importance with rising temperature, was soon discovered 
and many investigators have attempted to eliminate the time 
effect and determine the modulus of elasticity by measuring the 
so-called instantaneous strain. 


1 This paper is a portion of a dissertation presented for the degree 
of Doctor of Science in the University of Michigan. The experi- 
mental program was conducted in the Applied Mechanics Laboratory 
under the direction of Prof. S. Timoshenko. 

2 Associated with Sté. Ame. des Ateliers de Construction Mécan- 
ique de Tirlemont, Belgium. Dr. Versé was graduated from the Uni- 
versity of Brussels, Belgium, in 1931, with the degree of Ingenieur 
Civil des Mines. He devoted two years to graduate studies at the 
University of Michigan as holder of a fellowship of the Commission 
for Relief in Belgium Educational Foundation, Inc. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., December 4 to 8, 1933, of 
Tue AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Further, when the phenomenon of the continuous creep of 
metals at high temperatures was discovered, the attention of the 
investigators became focused on the determination of creep char- 
acteristics and it appeared to many that it was impossible to ar- 
rive at any definite value for the modulus at high temperatures. 

In researches undertaken at the Westinghouse Research 
Laboratories in 1923, S. Timoshenko found that if the material 
be previously loaded and an appreciable strain-hardening pro- 
duced the rate of creep occurring under a load smaller than this 
initial load was considerably reduced. This takes place to a 
sufficient extent in some cases, to permit the determination of 
the elastic deformation with reasonable accuracy. It will be 
shown that this phenomenon can be explained on the basis of the 
ordinary creep curves. 

F. L. Everett,* in his determinations of the modulus of rigidity 
of a medium-carbon steel up to 500 C, used the original scheme of 
determining the modulus on unloading rather than on loading. 

Because of observations by Honegger,‘ of the Brown, Boveri & 
Co., Switzerland, it was felt that an investigation of the possi- 
bilities and limitations of this scheme would be of value. Dy- 
namic determinations of the moduli have been made also and their 
results compared with those obtained statically. 


TESTING EQUIPMENT AND TEST PROCEDURE 


(1) Static Tensile Tests. A sketch of the apparatus used for 
the static tensile tests is presented in Fig. 1. Its principle can 
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Fic. 1 Ternstte Test APPARATUS 
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readily be seen, namely, the specimen is in the form of a wire 
rigidly fixed at both ends and loaded at the middie. The deflec- 
tions of the middle-point under various loads are measured by a 
cathetometer. The heating of the specimen is produced by an 
electric current passing through it and its temperature is deter- 
mined by measuring its electrical resistance. 

A number of considerations lead to the adoption of such a 
scheme: 


(a) The system is one of great simplicity involving no deli- 
cate measuring device 

(b) No part of the measuring instruments is subjected to 
high temperature 

(c) Measurement of an elongation of 1.5 X 10~* is obtained 
by using an instrument with no greater sensitivity than 
a cathetometer. This is due to the fact that small 


“Strength of Materials Subjected to Shear at High Tempera- 
tures,’ by F. L. Everett, Trans. A.S.M.E., vol. 53 (1931), paper 
APM-53-10. 

4“The Modulus of Elasticity of Steel at High Temperatures,” by 
E. Honegger, Brown Boveri Review, vol. 19, no. 5 (1932), p. 1. 
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elongations of the wire result in appreciable deflections 
of the middle-point 

(d) The method of heating is very simple and the specimen 
reaches the required stable temperature in a short time.® 


The electric current was supplied by a large battery set kept on 
charge during the entire test. In order to prevent air currents 
from producing temperature variations and to cut down the ra- 
diation, asbestos tubing was placed around the wire. 

The stress and the strain were easily calculated from geo- 
metrical considerations, admitting that the shape of the loaded 


4'-o0" 


Fie. 2. Torston Test APPARATUS 


wire is composed of two straight lines forming an angle at the 
loading point. A relatively large initial sag, at least one-tenth 
of the span, was thus resorted to. 
The load was applied and removed by steps at the following 

rates: 

about 2500 lb per sq in. every 3 min 

about 2500 lb per sq in. every 5 min 

about 2500 Ib per sq in. every 10 min 


5 From the experiments of H. L. Dodge, Physical Review, vol. 2, 
series 2, p. 431, in which the heating was produced alternately by an 
electric current and by external source, it has been proved that heat- 
ing by electric current has no effect other than that caused by the 
accompanying temperature rise. 


The measurements of the deflection were taken 10 sec after the 
application of the load and at the end of the loading period, that 
is, 3 minutes, 5 minutes, or 10 minutes after the application of the 
load, depending on the rate of loading. 

(2) Static Torsion Tests. The apparatus used in making the 
static torsion tests was designed by F. L. Everett for his re- 
searches on the strength of materials submitted to shear at high 
temperatures. The essential features of this machine are shown 
in Fig. 2. A description of it will be found in a paper presented 
by Dr. Everett.* 

The load was applied and removed by steps at the following 
rates: 

1575 lb per sq in. every 2 min 
1575 lb per sq in. every 5 min 
1575 lb per sq_ in. every 10 min 


Measurements of the shear strain were taken 10 seconds after 
the application of the load and at the end of the loading period. 

(3) Dynamic Tensile Tests. In the dynamic tests, the 
values of E and G were arrived at by determining the period of 
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Fie. Apparatus TO Measure G DyNAMICALLY 


free longitudinal and free torsional vibration of a wire. Since 
the stresses were kept very low it is considered that the amount 
of plastic deformation taking place in each cycle was negligible. 
Thus the moduli of elasticity and of rigidity were calculated from 
the observed periods of free vibration by the well-known formulas 
based on Hooke’s law of elasticity. 

For the dynamic tensile tests the same apparatus as for the 
static tension tests, and shown in Fig. 1, was used except that the 
horizontal plate of the damper was replaced by vertical fins. 
The wire, loaded at the middle, is given 4 first vertical impulse 
and the free vibrations so produced are recorded on a drum ro- 
tating at a known constant speed. The period of free vibration 
can thus be measured on the record. 

The method of heating and of measuring the temperature are 
the same as for the static tensile tests. 

(4) Dynamic Torsion Tests. The principle used for the de- 
termination of the period of free torsional vibration involves the 
apparatus shown diagrammatically in Fig. 3 and is as follows: A 
couple is applied at the lower end of a wire hanging vertically and 
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held fast at the upper end. This couple is suddenly removed 
by burning the strings at A and free torsional vibrations result. 
The period of these vibrations is measured by a stop-watch. 
The specimen is heated by passing electric current through it. 
Its temperature is determined by measuring its electrical resis- 
tance. The temperature difference between the top and the 
bottom of the specimen is minimized by the use of a thin copper 
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(Load increased every 5 minutes. Rate of unloading: 1575 lb per sq in. 
every 5 minutes.) 
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Fie. 5 Torsion Test at 500 C (932 F) 
(Rate of loading and unloading: 1575 lb per sq in. every 5 minutes.) 
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sheet inside of a glass tube surrounding the wire with asbestos 
blocking the openings of the tube. Besides, there is an averag- 
ing effect along the wire in both the measurements of the tem- 
perature and of G. 


MATERIAL TESTED 


For the static and dynamic tensile tests and the dynamic tor- 
sion tests, the specimens were in the shape of a wire 0.0307 in. 
in diameter and made of carbon steel of the composition: 


0.43 per cent 
Manganese.............. 0.86 per cent 
0.038 per cent 
0.018 per cent 
0.135 per cent 


The wire for these tests was annealed before testing. 
The static torsion tests were made on tubular carbon-steel speci- 
mens of the following composition: 


0.34 per cent 
0.80 per cent 
0.03 per cent 
0.02 per cent 
errr. 0.10 per cent 


The specimens for the static torsion tests were fully annealed by 
heating to 900 C before testing. 


ReEsvutts 


(1) Static Tests. The tension tests as well as the torsion tests 
show that in determining the moduli of elasticity and of rigidity, 
it is of decided advantage to operate under decreasing rather than 
under increasing load. 

The diagrams, Figs. 4 and 5, for shear at 450 and 500C are 
characteristic also of those obtained for tension. It seems that a 
strain-hardening effect occurring on loading and detected on un- 
loading tends to reduce considerably the amount of plastic 
deformation taking place in unit time under a certain stress. 

It was found also that, within the range of loading rates pre- 
viously mentioned, the values obtained on unloading for the 
moduli were independent of the rate of loading and unloading. 
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Fic.6 Time-ELoncation Creep Curves 


This results in a more reliable determination of the moduli and 
it is felt that the values obtained under decreasing load are more 
nearly the physical constants for the material. 

The strain-hardening effect is not sufficient, however, to per- 
mit an accurate determination, for medium carbon steels, of the 
moduli at temperatures above 500C. It is felt that for such tem- 
peratures it is better to resort to dynamic tests. 

This strain-hardening effect can be explained on the basis of the 
well-known deformation-time creep curves. It can be seen from 
Fig. 6 that the step-loading and unloading process used in our 
experiments can be represented, as far as creep rates are con- 
cerned, by thelineOABCDEFGHIJKLMNOPQRS. 
It can be noticed that, under such a stress as o2, the rate of creep 
CD on loading is much larger than the rate of creep OP on un- 
loading. The restriction “‘as far as creep rates are concerned” has 
been made because the line 0AB—QRS does not give the actual 
amount of elongation of the specimen after each step. It is 
easily seen that upon unloading from the stress a; to the stress o, 
the contraction will not recover the plastic deformation J’J 
undergone from I to J. Now, even considering the creep rates 
only, the line 0AB—QRS is not accurate. Various investigators 
of the question of creep, Dr. Everett’ for instance, have shown 
that the rate of creep under a definite stress is much more a func- 
tion of the total amount of deformation than of the time. In 
other words, the total amount of deformation after unloading 
from o; to o, will not be TK but TK’, and the rate at which creep 
will take place under o, will not be given by KL but by L’L” 
which is smaller. At the second step of unloading, o, to o3, the 
decrease of creep rate is even larger being from MN to N’N’”. 
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TABLE 1 VALUES OF E AND G DETERMINED STATICALLY 
Modulus of , Modulus of 
elasticity rigidity 
Temp, lb per sq in. Temp, lb per 8 in. 
deg é (millions) deg (millions) 
2 29.9 25 11.53 
220 27.5 300 me 
3 26.9 350 10.7 
400 24.5 400 10.0 
23.0 450 9.15 
ae 500 7.9 


TABLE 2 VALUES OF EF AND G DETERMINED DYNAMICALLY 


Modulus of Modulus of 
elasticity rigidity 
Temp, Ib per sq in. Temp, lb per 8q in. 
deg (millions) deg (millions) 
25 30.2 25 11.55 
220 28.4 290 10.9 
310 26.9 387 10.3 
395 25.7 430 9.73 
4.2 500 5 
+ 120 T T T 
oValues determined statically 
+Valves determined dynamically 
100 
= 
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N 80 = ~ 
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° Values determined statically 
+ Values determined dynamically 


c 

2 100}+-+ 

80 

= 

60 
0 100 200 300. 400 500 


Temperature, Deg C 


Fig. 8 VARIATION OF G WiTH TEMPERATURE 
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Fie. 9 VARIATION OF » WITH TEMPERATURE 


The values of Z and G, determined statically, are given in 
Table 1. 

(2) Dynamic Tests. The results of the dynamic tests proved 
to be more consistent and accurate than those of the static tests, 
especially at temperatures above 400C. The cause of this is 
believed to lie in the fact that the stresses having been kept small, 
the amount of plastic deformation taking place in each cycle was 
negligible. 

The values of EZ and G determined dynamically are given in 
Table 2. 

The values of the ratio E:/E2sc as obtained from both static 
and dynamic tests are plotted against the temperature in Fig. 7. 
It appears that, for temperatures above 350°C, the values of 
E./Exc when determined statically are somewhat lower than 
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when determined dynamically. The values of the ratio G:/ Gasc 
as obtained from both static and dynamic tests are plotted against 
temperature in Fig. 8. Again it appears that the values of the 
static ratio are somewhat lower than the values of the dynamic 
ratio for temperatures above 400 C. 

(3) Variation of Poisson’s Ratio With Temperature. The 
theory of elasticity shows that Poisson’s ratio yu is related to the 
modulus of elasticity E and the modulus of rigidity G as follows: 


E 


~ 201 + 
or 


From the values of E and G determined dynamically, the values 
of « at various temperatures have been calculated. Although it is 


TABLE 3 VARIATION OF POISSON'S RATIO WITH 


TEMPERATURE 
Modulus of Modulus of 
elasticity ridigity 
Poisson's 
Temp, lb per sq in. lb per sq in. ratio 
deg (millions) (millions) 
25 30.2 11.55 0.307 
220 28.4 11.4 0.246 
300 27.2 11.05 0.23 
350 26.3 10.6 0.24 
390 25.8 10.23 0.255 
425 25.1 9.77 0.283 
0 24.2 9.18 0.318 


fully realized that this method of calculation of «4 cannot give 
very accurate results it is felt that it is interesting to present the 
results of these calculations (see Fig. 9). It is realized also that 
these findings are not in agreement with the results obtained by 
Carrington.* The numerical values are presented in Table 3. 


CoNCLUSIONS 


The comparison between the dynamic and the static tests shows 
that the values of EZ and G determined statically under decreasing 
load are practically independent of the rate of loading and are 
close to the values obtained dynamically. However, they are 
somewhat lower for temperatures above 400 C. 

The values obtained for E and G by static tests under increasing 
load are not reliable, owing to the difficulty of discriminating be- 
tween the plastic and the elastic deformation. 

It is, therefore, the author’s opinion that for the determination 
of the moduli at high temperatures dynamic tests should always 
be resorted to. For the application of these results to the calcu- 
lation of static constructions, such methods as the one presented 
by K. Baumann’ should be used in order to take into account the 
plastic deformation. 

Additional experiments are necessary to reach a definite con- 
clusion as to the variation of Poisson’s ratio with temperature. 
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* Engineering, vol. 117 (1924), p. 69. 

7 Ibid., vol. 130 (1930), p. 597. 
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The Calculation of the Dispersion of Flue 
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Dust and Cinders From Chimneys 


By HUBER O. CROFT,' IOWA CITY, IOWA 


The dispersion of flue dust from a chimney depends pri- 
marily upon: (a) the velocity of the flue gas in the chim- 
ney; (b) the size and weight of the particle; (c) the height 
of the chimney; (d) the wind velocity; and (e) the aero- 
dynamic resistance of the particle. The value of the last- 
mentioned quantity is usually the most uncertain of these 
variables and is usually obtained from Stokes’s equation. 
Comparisons of different equations for the fluid resistance 
to falling particles are made in the following article and a 
new equation is suggested. Using this latter equation 
and assuming values of the other variables mentioned, a 
method is demonstrated for calculating the annual dust 
loading at different distances from a chimney. 


dust from the flue-gas stream by mechanical, hydraulic, 

or electrical methods, but little has been written about 
the disposal of that dust and ash which actually reaches the 
chimney. It is the purpose of this paper to examine the aero- 
dynamics and mechanics of dust-carrying streams and by making 
certain assumptions, predict approximately what dust particles 
will be carried up and discharged by a chimney, and further, at 
what distance from the chimney these particles will be deposited 
on the earth. 


M UCH has been written concerning the separation of flue 


RESISTANCE OF FALLING BopiEs 


Heretofore, it has been customary to determine the frontal 
resistance of falling bodies from Stokes’s equation or Allen’s equa- 
tion. In this paper, a new equation is suggested which is the re- 
sult of the study of numerous falling-body experiments both in 
liquids and gases. 

After the resistance relation has been determined, the time of 
fall of a particle from a given height may be predicted. Hence, 
knowing the height of fall and the time of fall, and assuming a 
wind velocity, the distance a particle can be carried horizontally 
may be calculated. 

Considering a particle falling in still air, the force tending to 
cause the particle to fall is that of gravity minus the buoyancy of 


the air. This is opposed by the frontal resistance of the particle, 
or air friction due to motion. The net force of gravity F can be 
expressed : 


1 Head of department of mechanical engineering at the Univer- 
sity of Iowa. Mem. A.S.M.E. Professor Croft was graduated 
from the University of Colorado in 1918 and entered the Air Service 
at Post Field, Okla. From 1919 to 1921, he was employed by Swift 
and Company and Durbin Van Law,in Denver. From 1921 to 1927 
he was a member of the faculty of the University of Illinois, where he 
obtained his M.S. degree. In 1927 he became a member of the 
faculty of Stanford University, and in 1929 was appointed to his 
present position. Professor Croft has been employed by the City of 
Saint Louis, the Public Service Company of Northern Illinois, and the 
Murray Iron Works. He is a member of the A.S.M.E. Power Test 
Code Committee No. 21. 

Contributed by the Fuels Division and presented at the Semi-An- 
nual Meeting, Denver, Colo., June 25 to 28, 1934, of Taz AMERICAN 
Socrnty or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


where F is the net force of gravity, poundals; d is the diameter of 
the particle, ft; g is the acceleration of gravity, ft per sec per sec; 
6 is the unit weight of the particle, lb per cu ft; and p is the 
unit weight of the air in lb per cu ft. 

The resistance P of the particle to motion due to air friction can 
be defined by the equation 


where P is the air resistance due to motion, poundals; f is the 
resistance coefficient, a pure number; d is the diameter of the 
particle, ft; p is unit weight of the gas, lb per cu ft; and V is the 
velocity of the particle, fps. 

A falling particle will decelerate rapidly until such a velocity is 
reached that the net force pulling the particle downward will be 
just equal to the air resistance to motion of the particle; in which 
case a constant and maximum downward velocity is obtained. 
This condition can be expressed mathematically by 


d \’ 
_ 4dg (6—p) 


where f is the friction coefficient when the maximum velocity is 
reached. 

This maximum, “free-fall,” velocity is known as the “end 
velocity” or “terminal velocity.” At such a condition the 
frontal resistance of the particle is just equal to the force of 
gravity. 

If conditions were reversed, and the atmosphere were to move 
upward with a speed equal to the end velocity of a particle, the 
particle would then be supported at a constant elevation by the 
air velocity. 

This end velocity, then, is also the minimum velocity of an up- 
ward, vertical, wind stream supporting a given particle. A 
greater wind velocity than the terminal velocity would carry a 
given particle upward, because the upward force due to frontal 
resistance is greater than the force of gravity acting downward 
upon the particle. 

The resistance coefficient, as defined by Equation [2] for regu- 
larly shaped bodies, such as spheres, disks, etc., has been studied 
by many physicists and engineers. 

The variation of the resistance coefficient is usually most con- 
veniently demonstrated by plotting this coefficient f as ordinate 


and Reynolds’ number, 


= R, as abscissa, where yu is the 


absolute viscosity, lb per ft-sec, and the other symbols are the 
same as already indicated. 

These relations between the resistance coefficients and Reyn- 
olds’ numbers R are shown in Fig. 1 together with paths of 
equations expressing certain well-known resistance laws. 
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Fic. 1 VARIATION oF RESISTANCE COEFFICIENT f WITH REYNOLDS’ NUMBER RF FoR SPHERICAL SHAPES 


(Curves 1, 3, and 4 are from various wind-tunnel experiments for spheres up to 20-cm diam; curve 2 is for free-falling experiments of spheres from 

20 cm to 30 cm diam made of wax, rubber, and wood (3); curve 5 shows the results of experiments by Wieselberger; curve 6 shows the results of falling 

steel spheres by Liebster (4); curve 7 is for spheres; curves 8 and 9 are for cinders and fly-ash by Rosin and Kayser (5); and 10 gives Allen's results (2). 
Numbers in parentheses refer to similarly numbered references at the end of the paper.) 


The graphs include results obtaied from a large number of 
experimental determinations made with a great variety of par- 
ticles varying from the resistance of a sphere 20 cm diam, fixed in 
a wind tunnel, to free-falling rubber spheres about 20 em diam, 
and very small spheres in liquids, and cinders in air. 

Graphs are also shown for the well-known equations for the 
gravity separation (sedimentation) of very finely divided particles 
in liquids. For example, from Stokes’s law (1)? 


8P 24 24 
= = 6 


From Oseens’ equation (1) 


3 
P= 7 
+= [7] 
8P 24 3 
p V? +22] [8] 


From Allen’s equation (2) 


From Newton’s equation 


From Fig. 1 it is seen that apparently there isadistinct connec- 
tion between resistance determinations on fixed spheres, and the 
gravity settling of very small particles in liquids as expressed by 
Equations [5], [7], and [9]. 

It is further seen that a “critical region” is apparently reached 
when R = 100,000 = similar to that in the flow of fluids in pipes 
when R = 2000+ for the pipe condition. 

The usual practise in work of this nature for obtaining the 
friction factor f has been to use different expressions for f for 


2 Numbers in parentheses refer to similarly numbered references at 
the end of the paper. 


different ranges of 2; for example, Kirkup (6) uses Stokes’s Equa- 
tion [6] (curve 11, Fig. 1) as a basis for R < 8; Allen’s Equation 
{9} (curve 14, Fig. 1) from R = 8 to 450; and Newton’s Equation 
[10] (curve 13, Fig. 1) for R > 450. 

It is the author’s opinion that a single Equation [11] (curve 15, 
Fig. 1) can be used up to R = 2000 without great error. This 
curve, represented by the heavy line in Fig. 1, has been so drawn 
that it approaches the curve of Stokes’s equation at small values of 
R, since Stokes’s equation is confirmed experimentally for condi- 
tions at small values of R. 

The equation representing these average conditions is 


24 7 3 
f= +014 Re) {11} 


From Fig. 1 it would seem that this equation would give en- 
gineering accuracy up to values of R = 2000. 

Equation [11] and Stokes’s Equation [6] result in approximately 
the same value for f and end velocity up to about R = 1.0 (com- 

3 Schiller and Naumann (7) from less general data express this 


relation for R < 800as: f = = (1 + 0.15 R°-878), 


Fie. Variation or Loa fR? Wirn Loa R 
(Value of f as obtained from Equation [11].) 
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TABLE 1 DATA AND METHOD FOR FINDING END VELOCITY 
Yee ee 30 100 200 325 1250 2500 
590 149 7 44 10 5 3 O-2 
rerio” 80 105 120 120 120 120 120 120 120 
4| SG rane ® | 300 | 600 | 300 | G00 | 300 | Goo | 300 | 600 | 300 | G00 | 300 | 600 | 300 | 600 | 300 | G00 | 300 coo 
= | 5050| 2230| 124 | 47-2 | 174 | 6-63 | 361 | 1-36 |-0427 |.0163 | .00534|-00204 |-00u5 
6| Log. 3.767| 348| 2.093) | 1.241 | 822 | -558 | | -1.37 |-1.788 |-2.27 | -2.69 | -2-94 |-3.35 | -4.37 |-4787 | -0.467|-6885 
log.2 189 | 16 | 0-57 | 0.20 | | | -1.16 |-273 |-3-25 | |-4-34 |-5-02 | -5.68 | 525 | -623 | | -a15 | -9-75 
6 776| 396)372 | 1585] 0.645 | 0.257 | 0-145 | .0537 | -00178 |-00063 |.000219) -c00085) |478+10° | | |- 562-10} 
9 (flue-gasd} 11-4 2:17) 77 | -756| -578 | .2866| .204 | -.0155! .0105 |-0038 |-00278].00136 |- .000148 107 
iol (Air) 262 2.4 0-9 -0046 00165 000192 B17 


Values used: for Flue-Gas~ At 300*Fahr., =.0523 ; p =.0000149 =.000285 ft'/sec. 


Eer Air- 70° 0740 * 0000120 


parable to a diameter of 35 microns for this work). For greater 
values of 2, however, Stokes’s and Allen’s equations result in lower 
values of f and, hence, greater end velocities. For example, 
when R = 400 (with a 1000-micron particle), the end velocity by 
Equation [11] is approximately 19.6 fps, while the end velocity 
from Stokes’s Equation [6] is 196 fps for this same diameter. 

The relations between f and F& for values above R = 2000 are 
rather indefinite because apparently a critical range has been 
reached in which unstable flow conditions are obtained. 

The relations obtained from Fig. 1 between f and R can be 
transposed to be of great help in the computations involved. 
From Equation [3], representing the terminal velocity condition 


3 ay’ 


If both sides of the above equation are multiplied by p*/v?, 
where » is the kinematic viscosity, we have 


p 


Equation [13] is useful because the problem is: With a 
particle of a given diameter and density falling in a gas of known 
density and viscosity, what is the terminal velocity? Since the 
factors in the left-hand side of Equation [13] are known, the value 
of fR? can be calculated, and, by referring to Fig. 2, the proper 
value of R can be determined from the above value of fR? and 
since 


Fie. 3) Vartation or Env Vetocity or AsH IN Gas 
WITH THE DIAMETER OF THE PARTICLE 


3 
OWE «=. 


Values for end velocities of different sized particles in flue 
gas, calculated by this method, can be obtained directly from 
Fig. 3, which was plotted from the results obtained from the data 
of Table 1. 

The maximum sized particle which can be carried upward by 
a given flue-gas velocity may also be determined from Fig. 3, 
since the end velocity determined from this graph is also the 
flue-gas velocity required to support the particle at a fixed 
elevation. 

Any gas velocity greater than the end velocity will tend to carry 
the particle upward and out of the chimney; conversely the 
particle will fall for any gas velocity less than the end velocity. 


Time or or ParTICLE WHEN DISCHARGED BY 
CHIMNEY 


In order to calculate the time required for an ash particle to 
fall vertically from the height as discharged by the chimney, 
certain assumptions are made, namely: 

(a) The upward velocity of the particle in the chimney may be 
considered (U — V), where U is the flue-gas velocity, fps, and V 
is the end velocity of the particle, fps. 

(b) The upward force of the flue gas becomes negligible 
when the top of the chimney has been reached. 

(c) The temperature and the pressure of the surrounding air 
is constant at 70 F and 14.7 lb per sq in., respectively, for the 
height of the chimney. 

(d) The ash particle is similar to a sphere in shape and the 
diameter of this sphere is the clear distance between the meshes 
of a screen when meshes are indicated. This assumption is 
warranted by the results of Rosin and Kayser (5) (curves 8 and 9, 
Fig. 1) where this approximation is utilized. 

The method of making the calculation is best demonstrated by 
Table 1. 

Referring to Table 1, item 1 is the approximate screen mesh 
corresponding to the diameter of the particle in microns (1 » = 
3.28 X 10-* ft, or 800 un = 5 in.). Item 3, the particle density, 
is varied according to the size (8). Item 5 is calculated from 
Equation {12]. Item 6 is the logarithm of item 5. Entering 
Fig. 2 at the value of item 6, item 7 is determined. Item 9, 
calculated from Equation [14], is then the desired terminal 
velocity of the ash particle for the condition given in the footnote 
of Table 1. Item 10 is the terminal velocity of the same particle 
in air at 70 F and 14.7 lb per sq in. The values obtained from 
Table 1 are shown plotted for convenience in Fig. 3. 

In Table 2 are shown the remaining calculations required for 
determining the time of descent for the ash particle. This table 
has been calculated for a flue-gas temperature of 300 F. A flue- 
gas temperature of 600 F alters the final result less than 1 per cent 
from that of the same gas at 300 F. 


. 
2: 
| 
"4 
dp 
the desired end velocity can be calculated. 
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TABLE 2 TIME OF FALL FOR DIFFERENT STACK VELOCITIES AND HEIGHTS 


Approximate Mesh 30 100 200 325 1250 2500 
Stack Vel.|Dia. in Microns 590 149 74 44 10 5 3 10 
f.p.s. | Stack Ht» ft. | 50 | 150]/200] 50 | 100| 150/200] 50 | 100/ 180} 200] 50 | 100] 150/200] 80 | 100| 200] 50 | 10 | 150! 200] 50 | 100 | 150] 200] 50 | | 150/200 
al Net Vei- fis |] 0 0] 0] O | 924 98 = 
t - Sec +287 303 313 -- 
10 Max. Ht- f+. L326, \.47 1.56 -- 
Total Fall-t $1 [ior] [2007 5) [101 Si [101 | 151 | 201] 82] 102 | 202] 52] w2 | 182] 202| 52 | 102] 152 | 202] w2| | 202 
@ | of fall-Sec. 21.2 | 42 | 63 | 83 | See] 112 | 169] 223] 155 | 304) 455606 | 2750] 5400] A049 11100 |21900 43500) 3100) 61500 |91800 | 2040] 4480 15150 | 175. 
a | Net Vei~f/s. | 86 178 19-7 198 
t Sec. 27 "556 597) 616 626 = 
20 c| Max. Hteft. | 116 498 574 6.06) 
d | Total ft.) | 10) | 151 | 55/105] 155/205] 56 | 106/156 |206] 56 | 106! 156 | 206] 56 | 106) 156 |206]1256 | 196 | 206 | 56 | 10G| 156 | 206] 3% | 106 | 156 | 206 
Time of fall-Saj 55 | 10:5) 209] 23 | 44 | G4 | 65 [629] 117 | 173/228] 169 | 319 | 470 | | 2990) Se40| 8230/1000) 12 200|z2900| 38800-44504 34100 2000) 4900 13550 7909) 
a | Net Vel. f/s. | 186 278 29:24 297 [29.8 - - 
b| t— Sec. | 58 “068 “908 928 = | 
30 Max. ft. | 54 (24 | | tse | 
d | Total Fall 55 | 105 | 155/205] 62 | | 162 | 212] 63 | 115 [1651213] 64] 114 | 164/214] 64 | 14! G4 | | 64] 214] 64 | 114 | 164] 214] 64 | 14 | 164/214 
| Time of 572| 109| Wi | | 46.6 | 70.5] 126 | 181 | 237] 343] 495] 642] 3410 | | 11400113600 12 2120} $530) 9900] 14750118600 
a| Net fs. | 266 378 39 39.7 + - = 
blt - Sec. | (22 (252| 
40 c | Max | 127 223 235.9 24.6 25.04 
[Tort FH. | | 113 | 163/213] 72 | 122 | 172/222] 74 | 124! 174 | 224] 75 [128/175 76 | 125/175 75 | 25) 175/228] 75 | 125) 225] 75 | 129 | 175 | 275 
of Fall-Sec.|6A48| 11-7 | 221| 30.1| 508] 7/.41924] 62 | 137|193| 224 | 576| 527 | 3990 45500 75400 70 2001 
Note. Underlined Valves in Items “e’ = Minutes Instead of Seconds. 
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Fic. 4 Time or Fay ror AsH PARTICLES FOR DIFFERENT Stack HEIGHTS AND STACK VELOCITIES 
(Avg stack temp = 300 F. Air temp = 70 F.) 


Chimney velocities of 10, 20, 30, and 40 ft per sec and chimney 
heights of 50, 100, 150, and 200 ft have been chosen. 

Referring to Table 2, item a is the net velocity of the par- 
ticle up the chimney, that is, the flue-gas velocity indicated 
minus the terminal velocity of the particle in the flue gas (item 9, 
Table 1). 

Item b represents the time required for the particle propelled 
from the chimney to reach the maximum height above the 
chimney or when the vertical velocity of the particle becomes zero. 
This is obtained from the equation of falling bodies: V = 
—V’ + 322. 

When V = 0, V’ = the velocity of the ejected particle, 
item a, and t, item b, is the required time in seconds. This is an 
approximation, neglecting the resistance of the particle which 
introduces a negligible error in the time of fall. 


Item c is the maximum height above the chimney to which 
the particle rises and is obtained by multiplying the average 
velocity of the particle by the time in seconds. Thus, h = 
(V + V’) 

2 
and c are assumed to be constant for particles smaller than 10 
microns and at the values given for 10 microns without the 
introduction of appreciable error. 

Item d, the total height through which the particle falls, is the 
sum of the chimney height plus item c. This method of calcula- 
tion does not consider the time required to accelerate the falling 
particle up to the end velocity, but the error involved is negligible. 

Item e, the time required for the particle to fall to earth, is the 
total height, item d divided by the end velocity in the air (item 
10, Table 1). 


t, where V = 0 at maximum height. Items a, b, 


FUELS AND STEAM POWER 


The results given in Table 2 are shown plotted in Fig. 4. 
For convenience, Fig. 5 illustrates the distance to 
which different sized particles are carried for different 
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TABLE 3 ere AND YEARLY DUST LOADING BY CARRYING 


VER FROM A 100-FT CHIMNEY 


wind velocities: If the chimney is 100 ft high, the chim- 
ney velocity is 20 ft per sec, the average flue-gas tem- 


Diameter | Carried by | Sep 


STOKER-Carry Over=5% of Coal [Pur COAL—Carry Over=6% 
Dust Loading in Dust Loading in 
Carry Over} !b. per sqft per yr | Carry Over | Ib per sq ft per yr. 
5 Mph| 0 Mph. 5 Mpn | OMph_ 


Distance 


Wind~in fr. Eff. 


perature is 300 F, and the outside air temperature is Microns] 5Mph.] Mph % | Sem | | | 
70 F. Other data used are the same as in Table 1, 20 | 832 56 u2 99.9 | 10 |423 | 37.6|.038| 9.4|.009| O o ° fo) o|o 
The distance a particle is carried is determined by | 50 294 144 288 96-0 | 40 | 170 | 269/| 0S4| 6.73} .135 10 | Si | 6.08) -\6Z 2-02 |.040 
ulti in the wind velocit in ft r sec b the fall- | 70 208 220 440 93.0 | 5-0} 2)3 | 201 | 149) 557| -390 10 SH | 482| 1.52).092 
ply y y 140 104 560 61.0 | 150 | 228 | 126) 294) 3)2|-560| 153 | 845) 1.6 2-05} -39 | 
ing time (obtained from Fig. 4) in seconds for the 270| 53| 1410] 2620 | 700 |250/1325| 694| 207| 1.73| -518| 501255 | 134|-401 | -331/0994 
proper particle size and chimney height. 30 | $000] 10900 | 610 | 200| 108| 25 [1275 |-406] -190 
20 | 11,200|22900| 350 | 15.0| 657 }0056}0025| -0139-0063| 35 |1765 
APPLICATION OF THE RESULTS 1250 | 420 | 150 


10 | 44700 | 68400 | 42.0 | 15:0| 637 |-003|0017 |-0007}.0004| 30 | 1530 |-007 |.0041 | -001 


A practical problem will now be solved by the use 
of the foregoing plotted data, showing the methods of approach. 

The following data assumed are in no way to be considered an 
accurate representation of the performances of the different types 
of firing, or dust-separating equipment. These data are used 
merely to demonstrate a method of attack. 

The assumed data are: Chimney height = 100 ft; chimney 
velocity = 20 ft per sec; chimney-gas temperature = 300 F; 
average wind velocity = 5 mph or 10 mph; size of unit = 50,000 
kw; lb of coal per kwhr = 1.7; carry-over for stoker = 5 per cent 
of the coal fired; and carry-over for pulverized fuel = 6 per cent 
of the coal fired. 


Fie. 5 Travew or Ash For DIFFERENT WIND SPEEDS FOR A 
100-Fr Stack 
(Avg gas temp = 300 F. Avg airtemp = 70F. Stack velocity = 
20 fps.) 


The assumption is also made that all of this carry-over will be 
discharged by the chimney in order to calculate the worst condi- 
tion of loading, although some of the larger sizes would probably 
be deposited in the breeching and chimney, especially if no in- 
duced-draft fan is used and low breeching velocities exist. 

The assumed percentage by weight of the various sizes of the 
carry-over and the assumed efficiency of the separator for each 
size as well as the resulting calculated yearly loading at different 
distances are given in Table 3. 

The distance that the particle is carried was obtained from 
Fig. 5. 

The dust loading per square foot per year given in Table 3 was 
obtained by using the distance carried for the largest particle 
as a radius with the chimney at the center and assuming an equal 
distribution of the dust for that size over the area of the circle 
formed. 

The distribution of the dust for the next larger size was deter- 
mined by using the distance carried for this sized particle as 
a radius of a circle with the chimney at the center, subtracting 


50,000 kw. Unit; 17 Ib coai/kw-nr. Chimney Velocity=ZO ft./sec. 


the area covered by the next larger size, and dividing the total 
weight of ash for that size by the annular area so formed. 

It should be noted that doubling the chimney height has ap- 
proximately the same effect as doubling the wind velocity. 
Therefore, in Table 3 (for a 100-ft chimney), the column headed 
“10 mph” indicates what might be expected with a 5-mph wind 
with a 200-ft chimney. 

In considering the yearly dust loading indicated by Table 3, 
it is interesting to note that the yearly rate of erosion is approxi- 
mately 0.03 lb of earth per sq ft (9). 


CONCLUSIONS 


(1) An equation for the resistance of particles is derived 
(Equation [11]) which is useful over the entire range of particle 
sizes usually found in cinders and fly-ash. 

(2) A method is demonstrated for calculating the distance an 
ash particle of a given size may be carried from the top of a 
chimney with a given wind velocity. 

(3) By making certain assumptions, a method of calculating 
the yearly dust loading at different distances from a chimney is 
advanced. 
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Discussion 


T. A. Marsu.* The Department of Smoke Abatement of the 
City of Chicago has given much attention to atmospheric condi- 
tions, not only in the matter of visible smoke, but also of fly-ash 
and dust, over a period of years and has thereby been able to draw 
conclusions and to submit some very definite facts. 

It has been our observation that many dust-fall determinations 
have been unreliable and often misleading, due sometimes to the 
method of making these observations, and at other times to such 
factors as increasing or decreasing amounts of coal burned within 
the district during the period of observation. It must, of course, 
be recognized that not all of the dust fall is chargeable to fuel 
burning although dust samples indicate that fuel is the major 
source. 

During 1934, the Department of Smoke Abatement, under 
Civil Works Administration Project No. 1504 which pertains to 


4 Member, Advisory Board of Engineers, Chicago Department of 
Smoke Abatement, and Central Division Engineer, Iron Fireman Mfg. 
Company. Mem. A.S.M.E. 
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smoke observation and abatement, had allocated to it 175 men, 
some of whom are engineers of national reputation and of wide 
experience in this work. The writer is authorized, by the De- 
partment, to present to the Society any of the facts or figures from 
the report compiled by these men. 

One of the significant figures of the report is that the tonnage 
of coal burned in the Chicago district has doubled between 1911 
and 1933, yet the amount of smoke in 1933 was only 95 per cent 
of that of 1911, and the density of the smoke only 49 per cent. 


Over this period of time, the changes in smoke produced by 
classifications are as follows: 


Metallurgical furnaces................. 
Manufacturing plants.................. 1 per cent decrease 
Apartment buildings...................1620 per cent increase 
Domestic (residences).................. 900 per cent increase 


93 per cent decrease 
15 per cent decrease 
61 per cent decrease 


It is evident that we have mastered the situation in the larger 
plants, but in the meantime the great increase in the number of 
apartment buildings and residences has so increased the tonnage 
of coal burned that these two classes of chimneys have become 
responsible for a very large proportion of our smoke. 

An analysis shows the sources of Chicago smoke to be as follows, 
in order of importance: 


Apartments and large heating planty............ 43.0 per cent 
25.4 per cent 
5.1 per cent 
2.8 per cent 
Metallurgical and special processes.............. 2.4 per cent 


We have therefore logically centered our attention on the apart- 
ment buildings and heating plants. 

Until the development of small automatic stokers for this 
field we had no reliable and economically sound weapon with 
which to attack this increasing source of half the smoke. The 


small stoker offers a definite solution. Four years ago we there- 
fore wrote into our ordinance that all new plants of 1200 sq ft of 
steam radiation and over must use automatic firing of some kind, 
i.e., stokers, oil, or gas. At the present time there are approxi- 
mately 6000 stokers installed in Chicago, each serving 1200 sq ft 
of radiating surface or more. 

The dust fall in Chicago in tons per square mile per month for 
every year 1926 to 1932, inclusive, is as follows: 326.41, 390.28, 
384.81, 355.02, 323.52, 268.52, and 230.33. 

We have thus, due to our active campaign, not only reduced the 
volume and density of smoke in the City of Chicago, but have 
reduced the dust fall from a high figure of 390.28 in 1927, to 230.33 
in 1932, the reduction being 41 per cent. These figures must, 
however, be considered in the light of the decrease of industrial 
coal burned in 1933 as compared to 1928. We are encouraged by 
the improvement, and, inasmuch as apartment buildings are very 
rapidly installing stokers purely for economic reasons, we feel 
that within a few years we shall make a measurable reduction in 
smoke from that particular group which is the worst offender. 
The improvements in stoker designs as now being made will fur- 
ther decrease the fly-ash. 

The current research work and reports of the Department of 
Smoke Abatement of the City of Chicago are available to all who 
are interested in this work and our department will be glad to 
cooperate to the maximum with other cities or engineers toward 
improvement of atmospheric conditions. 

There has never been any question as to whether stokers abated 
smoke. There has been a question, however, as to whether 
stokers actually decrease dust and fly-ash from chimneys. Our 
surveys indicate that stokers do decrease the dust and fly-ash 
emission because of decreased tonnage and maintenance of a 
uniform fuel bed. 

Fuel and air distribution are the vital factors in fly-ash emis- 
sion. Stokers with improper distribution and improper air 
regulation increase fly-ash. During the past three years suf- 
ficient advancement has been made in the art to make as much as 
a 75 per cent reduction in fly-ash from grates. 
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Cooperation Between Industrial and Public- 
Utility Companies in Generating 
Steam and Electricity 


By H. DRAKE HARKINS,! WILMINGTON, DEL. 


UBLIC-UTILITY systems in the United States (those 
Pissvin an annual output exceeding 100,000,000 kwhr 

each during 1932) have an installed generating capacity of 
30,700,000 kw, 22,000,000 being steam and 8,700,000 being 
hydro (1).? 

Manufacturing plants in 1929 had an installed generating 
capacity of 7,800,000 kw divided among 17,270 generators 
averaging about 450 kw each (2). Mines and quarries had 
740,000 kw (3) installed in electric generators, bringing the 
total in industrial plants to 8,540,000 kw. The installed 
capacity of industrial plants is, therefore, approximately 
27.8 per cent of the installed capacity of the larger public- 
utility systems. 

Office buildings, hotels, hospitals, schools and colleges, 
and the like are not tabulated as manufacturers in the census, 
but for the purpose of this paper they could be included as 
industrial plants if the figures were available. Therefore, 
it is probable that the 27.8 percentage of installed capacity is 
approximately correct even though the very small utilities are 
not included. 

The generating capacity actually installed in industrial 
plants is only that which management (unfamiliar with power 
problems) has seen fit to install with economic conditions as 
they now are and in the face of strong public-utility sales 

ure. 

Glenn B. Warren (4) states: ‘‘An estimate recently made 
showed that if all the industrial back-pressure and bleeder 
turbines manufactured in each of the years 1927 to 1929, in- 
clusive, had been built for 1200 Jb initial pressure instead of 
the 200 to 400 Ib pressure for which they were built and ar- 
ranged to supply the same heat, these turbines would have 
had an aggregate capacity over and above what they did have 
equivalent to about one-fifth of all the condensing turbines 
manufactured in the respective years. Similarly, an extension 
of this investigation indicated that if all these turbines which 
were installed to supply heating steam had been of the mercury- 
vapor-process type and, as before, arranged to supply the same 
demand for heat, these installations would have had an ag- 
gregate capacity over and above what they did have equiva- 
lent to almost one-half of that of all the condensing turbines 
manufactured in the respective years." 

The author recently reviewed a proposed electrolytic proc- 
ess which involved the distillation of large quantities of 
mercury. The mercury vapor could generate twice as much 


1 Industrial Engineer, E. I. du Pont de Nemours & Co., Inc. 
Mem. A.S.M.E. 

* Numbers in parentheses refer ro bibliography at end of paper. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., December 4 to 8, 1933, of Tat American 
Society or Mecnanicat Enatnesrs. 


electricity, 12,000 kw, as the electrolytic process required. 
The industry had no use for the surplus electricity and it could 
not be credited to the operation. In this instance, the absence 
of a market for surplus electrical energy hindered industrial 
progress and technical development. 

Table 1, by A. R. Smith (5), shows how an industrial 
steam flow of 400,000 Ib per hr at 200 lb pressure could generate 
no surplus energy, yet 42,000 kw were obtainable through 
present technology. 


TABLE 1 STEAM FLOW TO INDUSTRIAL—400,000 LB PER HR 


Initial Exhaust- 
steam Entering steam Electric 
conditions® evaporator conditions*® power 
200 Ib, 525 F No evaporator 200 lb, 525 F None 
400 lb, 750 F No evaporator 200 Ib, 625 F 5,970 kw 
600 Ib, 750 F 400 Ib, 670 F 200 Ib, sat. 5,150 kw 
1200 Ib, 750 F 400 Ib, 518 F 200 Ib, sat. 13,750 kw 
2400 Ib, 1000 F 400 Ib, 618 F 200 Ib, sat. 24,050 kw 
125 lb mercury 28 in. hg 
vacuum to 
. 400 Ib steam 200 Ib, 625 F 42,200 kw 


® Pressures in Ib per sq in. gage. 


Therefore, it may be concluded that the present capacity 
installed in industrial plants is by no means a measure of what 
might justifiably be installed if an outlet were given for sur- 
plus energy, if full economic advantage were taken of techni- 
cal development as shown in Table 1, if industrial manage- 
ment were educated in the economics of power generation, 
and if the utilities would accept the industrial plant as a 
possible source of cheap energy. It is obvious that these new 
conditions would result in a large increase in industrial ca- 
pacity, mostly available for generating surplus energy. With 
industrial capacity now 28 per cent of utility capacity, it is 
equally obvious that any large increase in industrial capacity 
is of such magnitude as to satisfy the nation’s demand curve 
for some considerable future period and leads us to the startling 
conclusion that the larger part of future electrical generating 
capacity should very probably be installed in or near industrial 
plants rather than in condensing-steam or hydro central sta- 
tions. The superior efficiency of industrial **back-pressure”’ 
generation and its economic justification are well known to 
engineers and are shown elsewhere in this paper. 

The public-utility systems are generally interconnected into 
a few great regional power pools, giving them the advantage 
of emergency supply, diversity, and reduction in spare equip- 
ment. Very few of the industrial generating plants are so 
interconnected either with each other or with the regional 
system. Many of the industrial plants generate electrical 
energy and utilize the exhaust heat from the turbine resulting 
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in a production of electrical energy with much higher thermal 
efficiency (80 per cent) than can be obtained in utility steam 
stations (25 to 30 per cent). The seasonal heating load of 
many industrial plants enables them to produce a surplus of 
electrical energy above the plant requirement and at very low 
cost during the peak of the heating season, which is approxi- 
mately coincident with the load peak on the utility systems. 

Alfred W. Fox works out a specific case (6) for providing 
the top 20,000 kw of an actual public-utility load-duration 
curve which contained 867,000 kwhr. If a new central sta- 
tion is provided, the annual costs are $262,000 for a peak load 
steam plant, $229,000 for a base-load steam plant, $255,000 
for a hydraulic peak-load plant, and $257,000 for a steam- 
accumulator plant. An industrial plant having or needing 
the boiler capacity can provide the 20,000 kw in generating 
capacity and the energy at an annual cost of $171,000. This 
is an annual saving of $58,000. All costs are total, including 
fixed and operating charges. Mr. Fox concludes, ‘‘the figures 
used above may be open to question. I believe they are 
sufficiently accurate for a discussion of this nature and are 
moreover so variable as to require special attention and esti- 
mate on each particular problem. When times become normal, 
the peak-load problem of the public utility will again assume 
its previous importance, and I believe that solving the prob- 
lem in conjunction with one of surplus power can mean a great 
saving to the utility and a source of additional profit to the 
industrial plant.”’ 

Many industrial power engineers believe the general refusal 
of the utilities to buy their available surplus energy is unsound 
national economics, unfair competition, and shortsighted 
policy. Guy B. Randall (7) also champions this opinion. 
They feel that such purchase or some interchange or other 
cooperative agreement will economically justify the installa- 
tion of a great many more industrial power plants with a 
reduction in their own and the nation’s power bills. These 
industrial engineers point out that most hydro stations and 
a great many utility steam stations are necessarily located 
remotely from the load center, requiring expensive, elaborate, 
and hazardous transmission systems which contribute to the 
result that the delivered cost of electricity to the ultimate 
consumer is from two to twenty times the cost at the generat- 
ing station. (This spread should not irritate industrial plant 
engineers who pay two-dollar freight on twenty-cent coal, 
but should be accepted as economic fact.) A great many of 
the industrial plants are very near other consumers where 
industrial-plant surplus energy, lower in generating cost, 
could be delivered with small transmission loss to their neigh- 
bors if the utility transmission system were opened to the 
industrials. 

The advantage of interconnection and other advantages of 
interchange with industrial plants have been ably pointed 
out by B. F. Wood (8). W. F. Ryan, a thorough student of 
this subject, outlines the advantage of cooperation and other 
industrial opportunities in his paper (9). W. S. Monroe has 
emphasized the importance of by-product power generation 
and pointed out the necessity for cooperation between utility 
and industrial companies (10). 

Utility companies generally refuse this industrial-plant 
energy and other cooperative schemes for the following 
reasons (11): 

(1) Possibility of having to face the charge of discrimina- 
tion in cases where the utility chooses to make a working 
arrangement with one industrial and to deny it to another. 

(2) Hazards to service presented by a number of small, 
isolated plants whose engineering and operating standard 
may be below the utility grade. 


(3) Complications of supplying process steam non-electrical 
service to industrials, 

(4) Financial hazards and disagreements potential in joint 
ownership and operation of utility and industrial plant equip- 
ment. 

(5) Danger of increasing industrial business to an unsafe 
volume in proportion to total business. 

(6) Objection to committing utility funds to investment in 
power facilities in industrial plants of uncertain business 
continuity. 

(7) Possibility that an industrial plant with excess ca- 
pacity will attempt to sell this directly to users at a higher 
profit than the interchange rate permits. 

(8) Variations in efficiency of industrial plants delivering 
by-product electricity as a function of blast or other process 
heat usage. 

(9) Inflexibility of such by-product plants as compared 
with utility generating stations. 

But at least one utility executive (12) recognized the im- 
portance of power interchange and its benefit to the whole 
community, pointing out that it is the industrial plant's 
payroll which supports the utility and it is the utility's service 
which improves living conditions for the industrial’s work- 
men. Cooperation between the two, he concluded, has a 
broad economic and sociological foundation. 

Much of the difficulty in reaching a cooperative agreement 
for the mutual sale or interchange of electrical energy between 
utility and industrial companies lies in the misunderstanding 
of the value of a unit of energy. The value varies widely if 
it be ‘‘firm or dump,”’ with the time of the day and year, and 
with the installed capacity of each party at the instant of 
generation. W. B. Skinkle has admirably and thoroughly 
expounded the fundamental principles in his papers on this 
subject (13, 14, 15). (These three papers are recommended 
to every engineer contemplating or negotiating a cooperative 
power contract.) Especially pertinent to the subject of this 
paper are Figs. 1 and 2 reproduced from Mr. Skinkle's dis- 
cussion (13). Fig. 1 illustrates how the large generating units 
of a public-utility system increase capacity in steps, making 
the capacity growth very unlike the more uniform growth of 
the load curve. Fig. 2 illustrates how industrials and utilities 
may both delay investment and avoid installations of capacity 
far beyond requirement by a mutual and cooperative exchange 
of power. These curves refer principally to large-capacity 
industrial installations. It would be interesting to see the 
result if some utility system endeavored to provide for the 
gradual growth of its load by an equally gradual utilization of 
surplus power from industrial plants. The inspiration for 
such an attempt must come from the management or engineer- 
ing groups of the utility company. At present, contact 
between utility and industrial is usually made by the power- 
sales division of the utility which, naturally enough, is only 
interested in selling energy and is not interested in the economic 
or engineering aspects of the power problem as a whole. 

We hear much, especially from political sources, of the 
undeveloped hydro energy available in this country. Unde- 
veloped hydro becomes more and more remote and it has al- 
ready been pointed out that transmission costs now exceed 
energy-conversion cost. The public has heard very little in 
this country concerning the use of this great quantity of cheap 
industrial surplus electrical energy which is now available 
in the very heart of our consuming districts. 

The power utility is given a monopoly on the assumption 
that it will serve the community more efficiently than any other 
means yet devised. Therefore, it is obligated to investigate 
sources and secure cheap energy, either by purchase or genera- 
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tion, and to distribute energy cheaply and efficiently. It is 
not unreasonable to ask these companies to purchase surplus 
industrial energy, if such purchase will benefit the community 
by fostering local industries and reducing the utility cost. 
Certainly this conception of the utility does not justify the 
intense and extravagant effort sometimes made to prevent 
industrial generation. Many individual utility companies 
are, in fact, only distributors, owning no active generating 
equipment and buying from affiliates. These distributors may 
well be asked to purchase industrial energy at a price com- 
mensurate with that they now pay. 

This whole proposition is naturally so involved, technically 
and economically, that we can find a solution only through 
study and experiment made with greatest honesty and caution. 
So involved is each problem that the smoke-screen of confusion 
is ever at the disposal of partizans. So technical is each 
problem that all but the engineer are lost. Industrial managers 
are confused alike by equipment and power salesmen. This is 
a task for the most capable industrial and utility engineers. 

While cooperation between utilities and industrial plants 
has no existence on a national scale, there are some isolated 
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instances, and it is the object of this paper to examine such 
cases as exist, review the contractual and physical arrange- 
ments, and evaluate the success, in the hope that this study 
May assist progress in cooperation between utility systems 
and industrial plants. 


ExaMpLes OF COOPERATION ABROAD 


In England, the Electricity Act of 1926 created a governing 
board to integrate public-utility generating systems. This 
Act provides for current to be fed into the ‘‘grid’’ from indus- 
trial plants and gives power to the Electricity Board to pur- 
chase surplus electricity in such cases. A British correspondent 
(16) stated in April, 1933, that at that moment there was no 
actual case from which he could obtain any particulars but 
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gave as a reason that it was only recently that the grid has 
been put into actual operation and it is not yet complete. He 
believes that industrial cooperative schemes have been left 
over until the distribution of supply is more completely or- 
ganized and the unification of frequencies achieved. 

A prominent American engineer (17) states: 


The Belgium state has organized a corporation on which manufac- 
turers, users, engineers, and the government are represented in the 
directorate to connect up all of the power plants, both utility and 
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industrial, in the eastern half of Belgium. This ation is known 
as the Union Générale Belge d’Electricité and has been running now 
for about five years. The arrangements have been most satisfactory, 
I understand, to all users and manufacturers, and the profits, while 
they have not been large, have been substantial and of sufficient amount 
to insure the continuation of the corporation. . . . 

The western part of Belgium is handled by Les Centrales des Flandres 
with headquarters at Ghent, while another public-service company 
operates Brussels and the surrounding territory. It is intended that 
in the end the whole of Belgium will be tied-in in one generating and 
operating company, but this will probably be sometime in the future. 


While not of national importance, a regional cooperative ar- 
rangement of great interest and significance was consummated 
at Sydney, Nova Scotia. Here is a case where the power 
corporation and several industrial companies and a municipal 
lighting plant cooperated, with the approval of the Board of 
Public Utilities, with a result that has been satisfactory as 
regards service, economy, and earnings. Steel plant and mine 
operations are scheduled in such a way that the power cor- 
poration can provide necessary power at a minimum of cost. 
The effect of a proper rate schedule on power demand and 
usage at coal mines and steel plant has been extraordinary and 
has resulted in substantial economies for these industrial con- 
cerns. Refuse coals and coke breeze are used for generating 
electricity and domestic current usage tends to increase due to 
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reduced rates. K.H. Marsh (18) has provided data for 1929 
in Table 2. He says: 


TABLE 2 STATISTICS OF POWER GENERATION AT SYDNEY, 
N. S., 1929 
Annual 
output, 
Fre- kwhr, 


Generating Kw = quency, in 
station installed cycles millions Fuel 
Steel Co., 
station No. 1 11,500 60 45 Blast-furnace gas, coke 
breeze, and coal 
D. Coal Co., 
station No. 2 7,000 25 41 Slack coal, stoker-fired 
D. Coal Co., 
station No. 3 4,000 25 15 Slack coal, stoker-fired 
S. Coal Co., 
station No. 4 2,400 60 11 Slack coal, hand-fired 
Utility Co., 
station No. 5 1,000 60 4 Slack coal, hand-fired 
Municipal, 
station No. 6 400 60 1 Slack coal, hand-fired 


The above plants [Table 2] are listed in order of efficiency. With 
more normal industrial activity all stations were overloaded at times. 
Stations No. 2 and No. 3 (25 cycle) were tied together electrically. 

Stations No. 1 and No. 5 exchanged stand-by service. 

Stations No. 4 and No. 6 assisted each other at times. 

Now in 1930, a power corporation was formed and put into opera- 
tion a modern 7500-kw steam-electric generating plant, which was 
interconnected with Stations Nos. 1, 2, 3, 4,5, and 6. A 25-60-cycle 
reversible frequency a was installed, and a program of colliery 
electrification was completed. The power corporation leased Sta- 
tions Nos. 1, 2, and 3. Stations Nos. 4, 5, and 6 were closed down. 

The power corporation put into effect a schedule of rates approved 
by the Board of Public Utilities, and operates its very efficient modern 
station on base load, while Stations Nos. 1, 2, and 3 operate to suit the 
load from steel plant, coal mines, utility company, municipal lighting, 
as well as lighting for several small mining villages. 


There are other instances in Canada where large industrial 
plants provide steam-electric stand-by service to promote 
good-will in communities where small hydro utilities could 
ill afford to provide their own steam stand-by. And the 
hydroelectric utility assists the industrial steam plants at 
certain times. There are cases where hydro installations with 
unused capacity sell electrical energy to industrials for use in 
steam boilers at little more than fuel cost, but, of course, on 
short-term contracts. 


ExaMPLes IN THE UNITED STATES—PARALLEL OPERATION 


The simplest case of cooperation between utility and in- 
dustrial in the generation of electrical energy occurs when the 
industrial secures part of its demand from the utility and 
operates its own generating equipment in parallel with the 
utility but does not feed back. So many installations of this 
kind exist in the United States that it may be called common 
practise, although a few utilities have earned the ill will of 
their customers by refusing to cooperate to this extent. This 
attitude is untenable, as can be proved by the entire success 
of the numerous existing installations. The utility in one 
large Eastern city states that it has twelve customers operating 
in parallel, the largest taking 6500 kw from the power com- 
pany and the smallest 100 kw. All have contracts of three 
years’ initial duration which continue from year to year with 
a 60-day cancelation clause. In none of these cases is there 
any pump-back of power into the utility lines and the power 
purchased is taken in each case under a standard form of 
contract. 

There is an unusual case of parallel operation in an Eastern 
seaboard city where an existing industrial plant which gener- 


ated all its own steam and electricity had an opportunity to 
sell steam to a new industrial located on adjoining property. 
The first industrial had sufficient installed capacity to supply 
its neighbor with both high- and low-pressure steam. The 
low-pressure steam could be extracted from one of the turbo- 
generators, but this extracted steam would only generate part 
of the neighbor's requirement. The local utility might 
possibly have blocked this sale of electricity because of exist- 
ing laws, but generously cooperated and sold electrical energy 
to the first industrial for resale to the neighbor in accordance 
with the demand. All of the three parties profited. The 
utility gained by selling some energy and also succeeded in 
running its service lines into the plant of the first industrial 
which had never before been connected with the utility. 
The first industrial profited by the sale of steam and electricity 
without the necessity of increasing its installed capacity to 
meet the new load. The newly located industrial obtained 
steam and electricity at a cost lower than could have been 
obtained by building its own power plant and/or purchasing 
electricity from the utility. This arrangement has been in 
operation several years and has been entirely satisfactory to 
all of the three parties. 

Many additional installations for parallel operation would 
be made economically attractive were it not for the additional 
financial burden imposed by the necessity for the industrial 
company to install spare generating equipment or pay a burden- 
some demand charge because of the periods when its one 
generator would be out of service. In a few instances, co- 
operatively minded utility companies have waived the demand 
charge on the grounds that the unusual demand was caused 
by an unavoidable breakdown. Modern central-station 
generating equipment has an availability better than 90 per cent 
and industrial turbo-generators without condensers probably 
have a higher availability. Industrial plants having normal 
week-end and annual inventory shut-downs can depend on 
emergency shut-downs occurring less frequently than yearly. 
Nevertheless, an industrial power engineer must conserva- 
tively include the maximum possible annual demand charge 
when preparing his project for the installation of a single 
turbo-generator and this prevents the authorization of many. 

Utilities defend this high demand charge by maintaining 
that the business is unattractive and that generating and trans- 
mission capacity must be provided for the ultimate unavoid- 
able breakdown, This contention is, undoubtedly, sound 
when considering a single installation or an isolated industrial 
at the end of a long transmission line, but if industrials which 
are located within a reasonable distance of each other were 
permitted to feed back their surplus energy into the utility 
system, the statistical effect, diversity, load factor, etc., would 
probably result in placing no additional burden on the utility's 
generating equipment by infrequent individual breakdowns and 
would require but very little additional transmission capacity. 

An example of prohibitive demand charge existed in an 
industrial plant which generated all its energy but had a public- 
utility connection of some 300 kw demand for use in starting 
a cold plant after a total shut-down. The demand charge 
included some energy which was completely used. After 
two years’ experience, the industrial secured a handsome 
return on an investment which was made for the installation 
of a 300-kw gasoline set. The service connection from the 
utility was discontinued. 

A large utility which has numerous customers in parallel 
operation but none feeding back states that its company policy 
is an exceedingly broad one in dealing with special conditions 
and if, at a future time, conditions might arise wherein it 
would be advisable and profitable to both the customer and 
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the company to draw up a form of contract wherein any power 
would flow both ways, it is sure the company would give this 
serious consideration. 


INDusTRIALS WuHicH SELL ENgrGy To UTILITIES 


This subject is so shrouded in secrecy that no quantitative 
data can be secured or given. The issue of a magazine (19) 
devoted to this subject lists the following: 


(1) Northern Paper Mills at Green Bay, Wis., developed 
two hydro sites with capacity over its requirement for sale 
to the Wisconsin-Michigan Power Co. 

(2) Newton Falls Paper Company sells surplus hydro to 
Northern New York Utilities. 

(3) The Wauregan Mills, Wauregan, Conn., sells surplus 
hydro up to 1000 kw and purchases power deficiency up to 300 
kw. 

(4) North American Cement Corporation, Security, Md., 
generates from waste heat and sells to the Potomac-Edison Co. 

(5) The Colorado Portland Cement Company, Boettcher, 
Col., sells surplus electricity generated from waste heat to the 
local utility. 

(6) The Manitowoc Plant of Medusa Portland Cement 
Company interchanges power with the Wisconsin Public 
Service Company, using waste heat to generate surplus energy. 

(7) A woodworking plant in New Hampshire uses refuse 
to generate surplus energy for sale to the Twin States Gas and 
Electric Co. 

(8) The Commerce Royalty and Mining Company, Cardin, 
Okla., operates a Diesel plant which supplies 18 lead and zinc 
mines, also the Northeast Oklahoma Railway in the city of 
Miami. 

(9) The Sapphire Cotton Mills, Brevord, N. C., sells energy 
over the week-end to the local utility. 

(10) The Fairbanks-Morse test floor sells surplus energy to 
the local utility. 

(11) The University of Michigan sells surplus energy to the 
Detroit Edison Company during the heating season and pur- 
chases in summer. 

(12) In Pittsfield, Mass., the electric company buys surplus 
energy from a large textile and dye works and sells stand-by. 

(13) The Twin City Plant of the Ford Motor Company 
operates a hydro station which was built under the govern- 
ment requirement that all available hydro be generated. The 
surplus energy is sold to Northern States Power Company. 
The government gets free power for lock operation. 


An interesting aspect of the last case quoted is the govern- 
mental requirement that surplus available energy be diverted 
into useful channels. 

An industrial plant in Virginia generates all its own power 
and sells power to the utility for use in two near-by industrial 
plants during times of utility power failure. This cooperation 
by the industrial plant prevented the utility from losing two 
customers who would otherwise have built their own plants 
to secure continuity of service. 

The Eli Lilly Company at its Indianapolis Laboratories 
purchases steam from the Indianapolis Power and Light 
Company, generates electricity with this steam, and sells the 
electricity to the power company. The electrical demands 
of the Eli Lilly Company are satisfied from the lines of the 
power company (20). 

The Crocker-Burbank Company, of Fitchburg, Mass., sells 
surplus by-product power to the local utility (21). 

A large motor company believed in 1931 that its power- 
plant loads had dropped to the point where it would be ad- 
vantageous to purchase some current on week-ends and holi- 
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days and, accordingly, entered into an interchange agreement 
with the local electric company. This contract carries no 
demand charge and calls for an interchange of energy at a 
straight energy charge. Neither party guarantees to furnish 
the other power at any particular time and each party is the 
sole judge of its ability to serve. While this rate is classed 
as an interchange rate, the electric company has never per- 
mitted the motor company to deliver any power to it under 
the terms of the contract and in effect it is a straight energy 
contract without any demand charge. The contract may be 
classed as a failure, and one of the industrial company’s officials 
states, ‘It has been my experience that there is not sufficient 
genuine cooperation between the utility and the industrial to 
result in the most advantageous mutual arrangements. The 
industrial plant is too often viewed as a competitor of the 
utility which the utility must endeavor to eliminate. This 
attitude is sure to interfere with entering into those contractual 
relations which would contribute most to the benefit of both 
parties.”" 

For some years prior to the construction of its new central 
station, an Eastern utility bought energy from a large industrial 
which was so located on the utility's system that it could supply 
energy to great advantage during peak loads and when trans- 
mission troubles occurred. This was a straight sale of firm 
power subject to the call of the utility's dispatcher. This is 
an example of the utility's using available industrial capacity 
as exhibited in Fig. 2. 

A utility has an interconnection with a large industrial 
company for the exchange of electric power. The inter- 
connection consists of two banks of transformers rated at 30,000 
kva each. Both banks are owned by the utility but the 
industrial is billed for the rental of the second bank. There 
is no formal contract covering the exchange of power. A 
letter, accepted by both parties, fixes the charge per kilo- 
watthour of net exchange. There is, ordinarily, no such net 
exchange. During the reconstruction of the industrial’s 
power house, a considerable supply of energy went to the 
industrial at a fixed price. On occasion, during tests, etc., 
the industrial has returned power to the utility but at a special 
rate much lower than fixed in the letter. Both parties stand 
ready to pick up loads in the event of an emergency and such 
an emergency has occurred two or three times. The utility 
states that the interconnection has been most useful. The 
arrangement may be terminated at any time by mutual agree- 
ment. 

An industrial in an Eastern city has an installed capacity of 
1250 kw with a day load steadily over 1000 kw and with 
occasional 1300-kw peaks. The plant is connected with the 
utility, and more than ten years ago made a cooperative agree- 
ment for exchange at 3'/2 cents per kwhr and without demand 
charge. The exchange of power was nearly even and con- 
sidered fair by both concerns. This agreement survived one 
change in ownership of the utility. After a larger holding 
company had taken over the local utility, it made many dif- 
ferent propositions for supplying all the industrial’s energy, 
but none was found acceptable. Two years ago the utility 
reduced the exchange rate to 11/2 cents and stopped taking 
energy from the industrial. One year ago the utility abrogated 
the exchange rate and put the industrial under a standard 
service classification. This increased the industrial’s rate to 
5.3 cents per kwhr. The industrial complains because its 
demand charge is figured from the maximum setting of its 
transformer switch. This, it feels, is unfair, and if not changed 
will force the industrial to build its own stand-by. Its own 
service had always been dependable. This switch must be 
set well above the actual demand because when set close to the 
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demand the industrial lost its load several times while running 
in parallel with the utility. The industrial’s engineer states: 
“During the winter months when exhaust steam is needed, 
operation is such that the utility cannot expect to compete, 
but during the summer months when our loads are so high 
that we waste exhaust steam it is just too bad that the power 
company cannot compete with such methods.” 


LarGg-ScaLE OPERATIONS 


Although utility companies have been reluctant to make 
cooperative agreements with smaller industrial plants, several 
large-scale operations exist in the United States where ad- 
vantage has been taken of industrial waste heat and fuel or of 
industrial demand for large quantities of steam; thus giving 
opportunity for the cheap generation of electrical energy. 

The Deepwater Station, located on the New Jersey side of 
the Delaware River some 30 miles below Philadelphia, is an 
outstanding example and has been adequately described in the 
technical press (22). This 1200-lb central station houses two 
condensing turbo-generators, each owned by a different utility, 
and also contains one turbo-generator which exhausts to 
evaporators. The evaporator vapor is delivered in quantity 
up to 400,000 Ib per hr to an adjacent industrial plant. This 
is strictly a cooperative venture, although the industrial has 
no capital invested in the station. The industrial was about 
to build its own high-pressure plant when the utility con- 
templated a new station in the neighborhood, and one plant 
was built instead of two in the expectation of realizing the 
benefits which naturally accrue to a single large-scale opera- 
tion. The station has been in service approximately three 
years and the entire operation has been successful. The con- 
tractual success is almost entirely due to the spirit of coopera- 
tion with which each party has settled unforeseen contingen- 
cies as they arose. Although the contract covered many 
pages and took upward of six months’ careful negotiation to 
complete, it, nevertheless, did not foresee all possibilities, 
and if a spirit of cooperation had not existed among all con- 
tracting parties, ultimate failure might have occurred. Ad- 
vantages to the utility have been a larger-scale operation and 
a high boiler load factor with consequent economies. The 
industrial has secured the benefit of skilled and efficient power- 
plant operation without burdening management with the 
responsibility. The disadvantages to the industrial were: 
First, the much longer construction period with consequent 
delay in achieving the economy of high-pressure operation. 
Second, there is not the flexibility in meeting changes in condi- 
tions which would exist if the industrial could operate entirely 
within its own organization and through its own procedure. 
The author is not in a position to state the disadvantages to the 
utility. 

In 1929 the growth of load on a Southern utility system 
had reached the point where it was apparent that additional 
power supply facilities would be necessary. The ideal loca- 
tion for additional capacity was at the eastern terminus of the 
system which, as it so happened, was the location of an oil 
refinery. The refinery was planning extensions. A large 
generating station (technically not a utility) was built ad- 
jacent to the refinery. This station planned to supply the 
refinery with a maximum of 840,000 lb of steam per hr and 
14,000 kw. The oil company could have built its own power 
plant and generated the electrical requirement with about 400 
Ib boiler pressure. By building for 625 Ib pressure, a large 
surplus of electricity could be generated and is sold to the local 
utility. The refinery supplies several kinds of liquid refinery 
waste to be used as fuel in the power plant. Petroleum coke 
is delivered in railroad cars. Both parties had many vital 


interests to protect. The oil company was anxious to get 
the very best possible price for its non-merchantable but burn- 
able waste fuels and to assure itself a continuity of service. 
The steam company needed guarantees for its investment and 
assurance of continued business, a very definite relation be- 
tween the price at which it had to sell steam and electricity 
and the cost of fuel, and the ability to convert its plant to a 
normal type of condensing station should the contract with 
the oil company ever be terminated. As the situation de- 
veloped, it became apparent that this contract could only be 
made on some mutual basis. Since the plant went into opera- 
tion, an additional boiler has been installed to permit the sale 
of additional steam up to a total of about 1,000,000 lb per hr. 
The company which operates the plant is not a utility. It 
confines all its operations to its own property and its customers 
come to it with their pipe lines and electrical connections. 
It is so located that it is in a position to serve other customers 
at equitable rates, preferably those with needs for both steam 
and electricity. At present the entire requirements of the oil 
company and of one utility are well cared for, and the surplus 
energy is utilized by another utility. 

A technical publication (22) states that the Iowa Railway 
and Light Corporation and the Quaker Oats Company at 
Cedar Rapids have an arrangement whereby the utility gener- 
ates steam for the industrial and uses the industrial’s waste 
fuel, oat hulls. 

The same publication (22) states that the Rochester Gas 
and Electric Company supplies steam to several industrial 
plants and also heating steam to the business section and has 
12,000 kw installed in non-condensing units. 

Regional energy coordination in the Chicago district de- 
veloped a unique cooperative arrangement between steel 
plants and electrical and gas utilities as described by A. H. 
Dyckerhoff (23). A very careful, extensive, and thorough 
survey of steel mills under all load conditions indicated that 
a saving of from $0.43 to $1.36 per ton of steel could be effected 
by selling coke-oven gas and purchasing electricity. This 
startling conclusion displaced the previously held opinion 
that steel mills should use all their availabic heat for metal- 
lurgical and power-generation purposes. An exchange of 
energy between steel plants and gas utilities has been worked 
out in the region of Chicago, linking six basic steel plants 
with electrical and gas utilities, resulting in purchasing elec- 
trical energy, selling coke-oven gas, and using blast-furnace 
gas for heating rather than for power generation. 

The General Electric Company is building a mercury- 
vapor plant at Schenectady (5). Additional steam supply 
was needed and the New York Power and Light Corporation 
desired additional electric generating capacity, it being agreed 
that a steam plant erected at or near the Schenectady works 
could and would economically supply both. The General 
Electric Company constructed the plant on its own property, 
placed it strategically for steam distribution, and is leasing 
it to the power corporation which, in turn, operates and 
maintains the plant. The steam delivered to the Schenectady 
works at 225 lb pressure will amount to 630,000 Ib per hr. 
The industrial provided the capital and constructed the plant, 
and the utility leases the plant on the basis of the fixed charges 
on the actual investment as a yearly rental. The utility 
admits that a plant having a capacity of 26,000 kw has 
for it a certain value per kilowatt of capacity, and the fixed 
charges on such investment are credited to the industrial. 
This amount is less than the rental, because the actual cost of 
the plant provided not only for the production of 26,000 kw, 
but 650,000 Ib of steam also. The utility also allows a credit 
for each kilowatthour produced by the plant, all of which 
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goes into its system. This credit is based on the prevailing 
costs of producing power with modern plants supplying its 
system, taking into account the fact that the utility must 
always accept the power produced according to the steam 
demand, regardless of the hour of the day or the season of the 
year. The utility sells all the power that the industrial de- 
mands at scheduled rates, regardless of this particular agree- 
ment; and the excess cost covering the rental, operation, and 
maintenance and the fuel over and above the two credits al- 
lowed the industrial is charged to the industrial as its cost of 
steam. The agreement between the two companies covering 
operation is in effect for five years; thereafter continuing from 
year to year unless terminated by either party on one year's 
written notice. 


ConcLusION 


Modern technical developments in higher steam pressures 
and mercury-vapor cycles make available more and more 
surplus electrical energy from industrial steam flow, and this 
technical development favors the generation of electricity in 
connection with industrial processes. 

The steam flow to industrial plants is of such magnitude 
and the industrial plants are so located that the larger part of 
future electrical generating capacity should very probably 
be installed in or near these industries rather than in new con- 
densing steam or hydro central stations. 

Cooperation between public utilities and industrial plants 
in the generation of steam and electrical energy will reduce 
generating cost and the investment in generating equipment, 
thus ultimately reducing the nation’s power bill and resulting 
in the still wider dissemination and use of electrical energy, 
which is the basis of our industrial civilization. 

An unsound economic condition in power generation is 
maintained by the utilities’ competitive sales campaign. 

Industrial management must be educated in the apparent 
paradox that small-scale ‘‘back-pressure’’ power generation is 
more efficient than the ‘‘quantity production” in condensing 
central stations. 

A spirit of cooperation must be fostered by public-utility 
executives and engineers if industrial engineering antagonism 
is to be avoided and public relations improved. 

A detailed survey of American conditions will probably 
prove, and the success of the Union Générale Belge d’Elec- 
tricité indicates, that a program of cooperation will be success- 
ful. 


BIBLIOGRAPHY 


Supplement to Electrical World, May 6, 1933. 
Fifteenth Census of U. S., Manufacturers, 1929, vol. 1, p. 112. 
Fifteenth Census of U.S., Mines and Quarries, 1929, vol. 1, p. 16. 
Discussion of ‘‘Higher Steam Pressures and Temperatures,” 
Winter Convention, 1933. 

5 ‘Coordinated Production of Industrial Steam and Utility Power,” 
by A. R. Smith, General Electric Review, July, 1933. 

6 ‘Surplus Power—Availability, Cost, and Economic Disposal,” 
by Alfred W. Fox, Power Plant Engineerin , July, 1933, p. 312. 

7 “The Pooling of Power,’ by ay B. Randall, Power Plant 
Engineering, June 1, 1932. 

8 ‘Engineering Aspects of Interchange of Power With Industrial 
Plants,"’ by B. F. Wood, Trans. A.S.M.E., 1931, FSP-53-26b. 

9 “Combined Heat and Power Supply in Industrial Plants,” by 
W. F. Ryan, Trans. A.S.M.E., 1931, FSP-53-26a. 

10 ‘*Tendencies in Future Power Station Developments,”’ an inter- 
view with W. S. Monroe, Power Plant Engineering, January, 1933. 

11 Electrical World, May 30, 1931, p. 1005. 

12 ‘‘Industrial Power Interchange,’’ an interview with T. O. 
Kennedy, vice-president and general manager, Ohio Public Service Co., 
Cleveland, Ohio, Electrical World, March 17, 1928. ae 

13 ‘Discussion of Papers on Interconnection Between Public Utility 
and Large Industrials and the Interchange of Power Between the Two 


FSP-57-2 17 


Systems,"’ by W. B. Skinkle, engineer, Pittsburgh District Power 

mmittee, Subsidiary Companies of U. S. Steel Corp., Iron and Steel 
Eng., May, 1931. 

14 ‘Cost Sheets and Their Relation to Engineering Economics,” 
by W. B. Skinkle. Engineers’ Society of Western Pennsylvania. 

15 ‘‘Purchasing Public Utility Power for Industrial Use," by W. B. 
Skinkle. Engineers’ Society of Western Pennsylvania. 

16 F. W. Gardner, C.E., Turbine Department, C. A. Parsons & Co., 
Ltd., Newcastle-on-Tyne, 6. 

17 Geo. A. Orrok, consulting engineer, New York, N. Y. 

18 K.H. Marsh, C.E., Dominion Steel & Coal Corp., Ltd., Sydney, 
Nova Scotia. 

19 Power, May 27, 1930. 

20 ‘*Plant and Utility Exchange Steam and Power,"’ Heating, Piping, 
and Air Conditioning, May, 1932. 

21 ‘‘Crocker-Burbank Central Steam Plant Extension,’ Heat En- 
gineering (Foster-Wheeler Corp.), May, 1933. 

22 “Utilities That Supply Steam,"’ Power, May 27, 1930. 

23 Series of four articles, ‘‘Regional Energy Coordination,"’ by 
A. H. Dyckerhoff, Electrical World, Feb. 27, Mar. 5, 12, and 19, 1932. 


Discussion 


J. H. Carner* wrote: As Mr. Harkins points out, extracting 
more electric power from steam required for industrial purposes 
would seem to be a field with considerable future possibilities. 

The largest steam-electric power plant of the Eastman Kodak 
Co. has a minimum summer steam load which averages about 
66 per cent of the maximum winter load. Careful investiga- 
tions by the engineers of the local utility and by this company’s 
engineers were made recently regarding the possibilities of ex- 
tracting a constant amount of surplus power from the minimum 
steam load. 

A new 125-lb mercury plant and also an alternate 1400-lb 
steam plant were designed—these plants to supply approxi- 
mately 300,000 Ib of steam per hr to present 260-lb steam tur- 
bines. 

The maximum the utility could afford to pay for this firm 
power was naturally the cost at which it could produce this 
power in a new high-pressure condensing plant of its own. 
The final report, written in July, 1932, commenting on this in- 
vestigation, concludes ‘‘that the installation cost or the price 
to be paid per kilowatthour must change before the scheme 
would be attractive.’’ It seems probable that future develop- 
ments will make installations such as these investigated eco- 
nomical for conditions such as ours. Mercury boilers for 125 
Ib will probably reach a more commercial basis after experience 
with the two plants now going into operation. 

The generating plant of the Eastman Kodak Co. has, for a 
number of years, operated with no unusual difficulties on an 
almost exact steam-electric balance, using non-condensing tur- 
bines and engines. This is made possible by the sale of surplus 
or ‘‘dump”’ power to the local utility in the colder portions of 
the year and the purchase from it of part of the required power 
at other times. 


A. G. Curistiz‘ wrote: The idea of interchanging steam and 
electric power between utilities and industries seems to be 
making headway very slowly in this country. Mr. Harkins 
points out a number of reasons why utilities generally refuse 
to purchase the surplus power of industries. He might have 
added another reason; the desire of the utilities to dominate 
and monopolize all power generation and distribution. The 
Government yardstick for electrical rates announced by the 
Tennessee Valley Authority may cause utilities to look more 


* Engineer in Charge of Power, Kodak Park Plant of Eastman Kodak 
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carefully into every possible source of cheap power in order to 
enable them to lower rates, and this may lead to further inter- 
change agreements. 

We may possibly be forced to copy the Belgian idea with a 
regional committee under Government authority to coordinate 
all sources of heat and electrical energy for joint benefits to all 
concerned. This is not at all unlikely under the present social- 
istic trends of our Government. 

Mr. Harkins comes close to the facts when he places the blame 
for lack of cooperation upon the influence of the power-sales 
departments of the utilities in determining policies toward 
the industries. Were these matters left to the production and 
distribution engineers, agreements could be effected much more 
readily. 

The examples quoted by Mr. Harkins are helpful as indicating 
the nature of agreements now in effect. There seems to be no 
standardization of plan. Possibly a little more study on the 
part of the utility executives would lead to a more systematic 
approach to the problem. As I pointed out in my paper® before 
the Industrial Power Group last year, there must exist a spirit 
of mutual confidence on the part of both utility and industrial 
plant for any interchange of power to be mutually satisfactory. 
As long as one attempts to take advantage of the other, no 
lasting or satisfactory agreement can be consummated. 

Much can be gained from more whole-hearted attempts to 
find a basis for interchange. This timely paper will add en- 
couragement to efforts in this direction. 


E. D. Dreyrus® wrote: Mr. Harkins has set forth many in- 
teresting statements and references that demand careful thought. 
Economy should always be the byword with the engineer in 
the matter of investments as well as with materials and forces. 
**Material economy" may be encompassed with a reasonable de- 
gree of definiteness, while ‘‘investment economy"’ is too fre- 
quently influenced by many intangible and often unforeseen 
factors such that the ultimate results for the long pull may fall 
considerably short of expectations. Fortunately, in an advanc- 
ing engineering and developmental business period, errors in 
“‘economic’’ judgment are sometimes overshadowed by the 
profits of associated operations and by surrounding improve- 
ments. During a stationary period or a business depression, 
such errors, as are all too well known from our recent lesson, 
are likely to prove fatal. With this premise it might be well 
to view seriously what may be made of a utility-industrial 
interconnection and coordination of power-producing facilities 
to mutual advantage. As interestingly brought out by Mr. 
Harkins, there is apparent saving under such a program, particu- 
larly where by-product power of one form or another may be 
involved. Therefore, both utility and industry owe it to the 
community in which they operate to make the most of the 
opportunity to improve the region’s economic position. 

Many good examples have been cited as evidence of the fact 
that interchanges of steam and electric power have been success- 
ful in some localities. The question naturally follows: Why 
has the practise not been more universal in the past? Possibly 
we all may agree on one factor as responsible for the limited 
progress made in this direction and that is the element of risk 
involved. 

Every planner is duty-bound to safeguard adequately the 
capital entrusted to his care; figuratively, a factor of safety 
must be introduced in relatively the same conservative way as is 
done in dealing with fiber stresses. No one would dare ap- 
proach the elastic limit in the latter case, but this may be done 

* “Surplus Power From Industrial Plants,"’ by A. G. Christie. Ma- 
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in the case of an investment unless restraint is placed upon those 
sponsoring the development. The engineer has gone a long 
way in mastering physical problems and it is now incumbent 
upon him to look to the financial side with the same degree of 
perspicacity and conservatism—an economic error being as 
monumental as a structural failure. By so doing, the stigma 
that the banker placed on the engineers decades ago to the 
effect that financial backing for their projects would only be 
forthcoming provided the development would still pay with the 
actual cost assumed to be twice the estimate and the earning 
power reduced by one-half, will no longer be justified. There- 
fore, the approach to the problem of joint utility-industrial 
power interchange must be made with such foresight as may 
be commanded. 

Those of us who have attended the meetings of this Society 
during the past quarter of a century have witnessed some star- 
tling changes; the coming and going of the gas engine; the low- 
pressure-turbine innovation and its comparative dying-out; and 
the like; and have listened with deep interest to discussions 
about the change in ‘‘style’’ of power-plant equipment over 
the years. This may sound fanciful but is nevertheless real 
as borne out by the mute evidence in the machinery graveyards 
in many quarters. Furthermore, there is no guarantee today 
that we have reached anything like a stationary position. 
Some new discovery in the matter of the heat cycle; chemical 
process using the ‘‘cold’’ in place of the ‘‘heated"’ state; sub- 
stitution of electricity for fuels in metallurgical reactions and 
treatment; the possibility of a different kind of heating and 
ventilating system; and other industrial applications may 
arise to supersede the type we now know, thus destroying the 
economic balance of an inter-industry development which 
would have been profitable under the present circumstances. 
While it is not fear that should rule, but in ordinary investment 
as in ordinary dangers, ‘‘discretion is the better part of valor."’ 

If we look further into the fundamental differences in the 
general character of the utility and the industry, we find that 
the utility has been declared by law to be “‘affected by the 
public interest’’ and therefore has been brought under the police 
powers of the state and closely regulated. The industrial estab- 
lishment is still pretty much of a free lance although tempo- 
rarily NRA laws now exert some slight restraining influence. 

With the utility, the earning power is limited and turnover 
of capital is slow. The rates charged for service embrace only 
a very moderate depreciation accrual on the basis of virtually 
continuous life. On the other hand, the industry is only 
limited in its profit realization by whatever competition it 
experiences. In good times the industrial may earn sufficient 
surplus after a fair yield on its investment to write off the cost 
of the property in a comparatively few years. Consequently, 
the accrual policies of utility and an industrial plant necessarily 
vary widely. 

I sometimes wonder when this subject of utility-industrial 
power interchange is discussed whether it is fully borne in mind 
that, as far as the utility is concerned, it is a 100 per cent busi- 
ness-producing investment, whereas with the industry the 
power-generating facilities represent only a small fraction of 
their investment in total plant for manufacturing purposes. 
Consequently, any economic error that might be made in either 
case would be of a magnitude with the utility many times that 
of the industry. 

Another feature deserving close attention is that changes in 
the points of delivery to or from the power system may have a 
disturbing effect upon the investment economy as a whole if 
the use of existing facilities is modified to an appreciable extent 
through changes of manufacturing methods or processes, and 
thereby more or less power for interchange. 
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It is also to be remembered that the utility must pass on to 
its customers the benefits of the savings realizable through the 
interchange of power supply under discussion. While profit 
may be the incentive to the industry, duty must be largely the 
impelling reason for the utility to enter an arrangement of this 
kind. It may be safely stated that the utility has been giving 
serious consideration to the interconnection possibility, but in 
weighing all factors it has been forced to the conclusion that 
undue risk must be reasonably avoided. 

The industry should by right be entitled to an outlet for sur- 
plus by-product power it may be able to generate and the utility 
should receive and market the power provided it does not, by 
so doing, impose any disadvantages upon its dependent cus- 
tomers and upon its owners. 

In the limited time for discussion I will attempt to outline 
very briefly (as one individual way of attack) one plan that 
might stimulate proper utilization of industry's waste power. 
To view the problem adequately with the object of establishing 
equitable relationships, a set of basic conditions are briefly 
presented, as follows: 

(1) It is presupposed that normally where no by-product 
power obtains, the utility may supply the power needs of the 
industry and thus minimize investment expenditures for the 
district. 

(2) Where by-product power of one kind or another is avail- 
able, the utility would install the necessary prime mover, co- 
operating with the engineers of the industry. 

(3) The industry would finance the installation and the 
utility would refund the cost on a basis of credits according to 
the power developed—the rate to be based upon equivalent cost 
to the utility for like power, taking into account the question 
of necessary reserve to be allowed for and reasonable compensa- 
tion for the intermediary service provided. 

(4) Title would pass to the utility after credits had equaled 
the installation costs and the utility would be the sole agency 
for the power supply of the district and therefore in position to 
establish the lowest power cost for the district. Proper terms, 
minimum operation, and other factors must be prescribed to 
insure achievement of the plan. In event the industry under- 
went a radical change in its manufacturing method, the loss to 
the utility would be a minimum as it would come into posses- 
sion of the generating equipment and recover partly on their 
outlay made through credits against revenues. 

In the foregoing, I have merely tried to stress that there must 
be a mutual financial responsibility in the plan—with risk 
factor duly weighted—and further to give some indication of 
how such an idea may be carried out in practise. There have 
been similar methods employed in somewhat like situations 
heretofore which have been worked satisfactorily and I am 
confident they may be successfully applied to interchange prob- 
lems. 

Finally, I wish to add the observation that the careful reason- 
ing on these investment matters will constitute as progressive 
a move as designing new types and installations that may not 
have real economic merit when all factors—time, business, and 
manufacturing variables, and specific operating characteristics— 
have been completely tested. The A.S.M.E. is doing a splendid 
piece of work in the contributions it has encouraged and pub- 
lished, which are intended to provide an understanding (which 
should aid in the solution) of our economic problems. 


A. H. Dycxernorr’ wrote: Beyond doubt, there is a great 
desirability of such cooperation between utilities and industrials 
under proper economic conditions and I feel safe in saying that 
the utilities are more desirous of cooperating than most indus- 

Engineer, Chicago, III. 
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trials, notwithstanding the different view expressed in the 
paper under discussion. In this statement I am guided by my 
work for an industrial and for a group of larger utilities having 
close contacts with numerous large industrials. I cannot agree 
with the author of the paper when he states that *‘the power- 
sales division of the utility is only interested in selling energy 
and is not interested in the economic or engineering aspects of 
the power problem as a whole”’ or that ‘sometimes extravagant 
effort is made to prevent industrial generation,’’ or that ‘‘an 
unsound economic condition in power generation is maintained 
by the utilities’ competitive sales campaign.” 

Mr. Harkins shows two diagrams evolved by W. B. Skinkle, 
suggesting coordinated increase of generating capacity by the 
utility and the industrial for the purpose of avoiding generating 
capacity beyond requirements. This procedure is theoretically 
interesting, but is applicable in very few instances, because of 
the vast difference of capacity of generators required by utilities 
and industrials. 

Another stumbling block in the road of cooperation is the 
very frequent extravagant idea expressed by engineers of in- 
dustrials as to the value of dump or surplus electric energy 
available by their plants. It is not kept sufficiently clearly in 
mind that a utility is obliged to give service at all times on de- 
mand. Therefore, it must have sufficient generating capacity 
at its disposal and under its control to meet such requirements 
immediately. For this reason any dump energy to be delivered 
by the industrial can have fuel value only as determined by the 
most efficient power plant of the utility. If we assume, for 
instance, that an energy of 13,500 Bru met is required per kilo- 
watthour by large generating units at, say, 40 per cent capacity 
factor, and the cost of coal burned is 1.7 cents per therm, the 
value of the dump energy is but about 0.23 cent per kwhr. 
From this value certain deductions must be made for losses and 
fixed charges for investment, if the lines of the utility are not 
available within the immediate proximity of the industria} 
plant. If proper allowance is made for such items and if con- 
sideration is given to the approximate price of 0.4 to 0.5 cent 
per kwhr, which is expected by some industrial plant engineers, 
it is evident that such schemes are bound to collapse if the ab- 
sorption of surplus electric energy of the industrial by the 
utility is the sole purpose of the interconnection of the utility 
and the industrial. However, if the industrial will purchase 
at least a fairly substantial block of electric energy from the 
utility, and wishes to feed back into the utility system surplus 
energy in proper proportion to the energy purchased at the 
approximate fuel value of the utility power station, a good eco- 
nomical foundation for cooperation would be established. 

Likewise, difficulties arise frequently when it is intended to 
tie private plants having small capacity to large utility systems 
for lack of proper regulation, a low power factor of the indus- 
trial plant, proper capacity of circuit breakers, etc. To over- 
come these difficulties additional expenses must be incurred 
militating somewhat against the unidirectional flow of surplus 
energy from industrial to utility. 

It should be kept in mind that, while the regulation by the 
Commerce or Railroad Commission applies mainly to the sale 
of electric energy at definite rates without discrimination, the 
utility must grant similar conditions of service to a// industrial 
plants. Since these naturally show considerable different eco- 
nomic set-ups in the generation of energy, it is obvious that 
variations in set-up stand somewhat in the way of effecting the 
exchange of electric power between utilities and industrials. 

Since several instances of cooperation abroad have been cited 
in the paper, it should be mentioned that overall utility practise 
in this country is somewhat further advanced than that abroad 
and also that the sale of energy per capita is considerably 
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higher. Asa result, the electric rates are relatively lower than 
in Europe if we consider that the cost of equipment is 40 to 70 
per cent higher in this country. The conclusion is that the 
natural flow of energy is from utility to industrial. It should 
also be kept in mind that the European and foreign plants, some 
of which have been cited in the paper, are relatively small and 
in many cases are possible because many European utilities are 
not subject to the rulings of commissions and are freer in nego- 
tiating power contracts as dictated by individual conditions. 

Dual-purpose utility power plants occupy a distinctive posi- 
tion in the vast field of producers of energy in various forms and 
will be built wherever the economic and local conditions war- 
rant. It cannot be construed as lack of cooperation on the part 
of utilities if they find themselves unable in times like the pres- 
ent to respond in every instance to a demand for steam and 
power in a certain locality. Unfortunately, little definite prac- 
tical information of such dual-purpose power plants have been 
made available. 

Lastly, it should be mentioned that energy in various gaseous 
forms must be considered in the interchange or buying and sell- 
ing of energy. Long-distance natural-gas lines, replacement 
of rich gas by lean gas, use of mixed gases, availability of re- 
finery gas, low off-peak gas rates, adjustable off-peak electric 
rates, all play important réles in this adjustment, which has 
been going on during the last five to ten years. Judging by 
conditions in the Chicago district, the reproach made by the 
author is wholly unjustified. Such projects cannot be forced 
through as a general policy; each project must be considered 
individually and must stand on its own merits. 


Axrrep W. Fox® wrote: Mr. Harkins has presented an inter- 
esting résumé, pursuing his analysis to logical conclusions 
with which I am in full agreement. 

Unfortunately, some of the public utilities maintain an ‘‘all 
or nothing”’ attitude, that is, they do their utmost to prevent 
the installation of a private plant, but if it is built, they will 
refuse to cooperate in an interchange of power and will not 
furnish stand-by service except at relatively exorbitant rates. 
Obviously, if the industry's low-pressure steam requirements 
are greatly in excess of the electrical, it is deprived of an addi- 
tional source of profit from the sale of surplus energy. 

In all fairness to the utility, however, such surplus energy, 
available only in small quantities and at odd moments, is 
worth only the saving in generating cost at the least efficient 
central station which happens to be on duty at the moment. 
The figure, consequently, would not be the same in the different 
utility systems and would vary in any one system with the load, 
but it may be taken roughly as 3.5 to 4.5 mills per kwhr. 

Assuming that the steam and electric generating plant is al- 
ready installed, the cost of producing such surplus energy is 
made up of the fixed charges on and the operation of the neces- 
sary substation and switching equipment to tie into the system. 
The additional fuel required may be neglected in most cases, 
since the advantage, for process purposes, of superheated steam 
from a reducing valve over dry saturated steam from a properly 
proportioned back-pressure or bleeder turbine is negligible in 
the average industrial plant. This cost must be deducted from 
the 3.5 to 4.5 mills given above to determine the true value to 
the utility or the net profit to the industry. It is apparent that 
unless large quantities of surplus energy are available there 
will not be a great amount of profit for either party. 

The point which I should like to emphasize is that proposed 
industrial plants in a position to supply surplus energy could, 
at relatively slight expense, be converted to give firm power 
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either under direct utility supervision and operation or subject 
to the call of the load dispatcher. Energy in this form is worth 
much more than 1 or 2 mills per kwhr; it is worth that plus 
the capacity value of the peak load which it is able to carry. 
This should be self-evident but a simple illustration may be 
of interest. 

Table 1 of the paper presents interesting data, showing that an 
industry requiring up to 400,000 Ib per hr of 200-Ib steam can 
generate from 0 to 42,000 kw, depending on the type of plant 
selected. If the industry requires up to 5000 kw and if the 
steam and electric demands are fairly coincident, it might in- 
stall a 400-lb 750-F boiler plant and back-pressure turbine which 
would take care of its own needs. 

If, however, a market for surplus power existed, at slight 
additional expense, say, $7 or $8 per kw, a 1200-lb 750 F plant 
could be installed and would supply 13,750 kw, or 8750 kw 
additional. Assume that the local utility company has an 
installed capacity of 100,000 kw and is carrying a peak load 
of 93,000 kw. A year from now the load is expected to increase 
up to or beyond capacity and a new unit or plant will have to 
be added to the system. The cost of a new plant would prob- 
ably be not less than $80 per kw, but the cost of adding capacity 
to the industrial plant should be about $40 per kw. With 15 
per cent fixed charges, a net capacity value of $5.35 per kw or 
$46,875 should be credited to the industrial plant. 

This materially enhances the value of the surplus energy. It 
may be argued that the industrial plant's maximum steam de- 
mand of 400,000 Ib per hr might not coincide with the utility's 
peak-load periods and that only 2000 or 3000 kw might be 
available. But what is to prevent the generation of 400,000 
Ib of steam per hour during these relatively few hours per year 
and even venting the exhaust steam to the atmosphere if the 
installation of a low-pressure turbine could not be justified? If 
the plant were called on as often as 100 days a year with 50 hr 
of actual use, the waste would be less than $10,000. 

It is in this respect of providing peak-load capacity that sta- 
tions like Deepwater, Baton Rouge, and Schenectady are dis- 
tinguished from the numerous smaller ones which furnish 
merely surplus energy. Undoubtedly many existing industrial 
power plants could provide the utilities with stand-by service 
which will be of value when loads again pick up. 

As Mr. Harkins points out, industrial executives must be 
educated in the natural advantages for economic electrical gen- 
eration possessed by their plants, and a spirit of cooperation 
must be developed by both parties to insure success. Perhaps 
many of these projects will never be developed until both parties 
are brought together by a disinterested third person—an engi- 
neer with the ability and patience to work out the many com- 
plex details which must arise. 


C. F. Hirsureip® wrote: When one discusses a paper on so 
controversial a subject as that treated by Mr. Harkins, there is 
always the danger that one may be accused of a partizan view- 
point. For this reason I think it well to start with certain re- 
marks of a personal character. 

I am employed by a well-known light and power company 
and for that reason may be assumed to have the utility view- 
point. 

But the utility with which I am connected is widely known 
as an open-minded and progressive one and has, in fact, not 
only studied interconnection with industrials for many years 
but is actually operating with several such interconnections 
at the present time. 

Further, as early as 1929 I presented at a national meeting of 
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light and power company executives a rather elaborate and 
comprehensive study of the possibilities, advantages, and limi- 
tations of such interconnections and have been identified with 
the discussion of the subject more or less ever since. 

And finally, as a private consuitant, I have handled, for both 
power companies and industrials, studies and negotiations in 
this field. I believe you will agree that, in spite of my utility 
connection, I should be able to view this problem in a manner 
at least approximately non-partizan. 

I want to start my discussion by complimenting Mr. Harkins 
upon the very broad and impartial way in which he has treated 
the subject. He has endeavored to point out honestly and 
fearlessly both the good and the bad. He has criticized equally 
the mental inhibitions and ineptitudes of both parties to such 
agreements. He has, on the whole, endeavored to give an 
elder statesman’s treatment of the subject and I believe he has 
succeeded very well indeed. Moreover, while doing this he 
has collected in one place and in easily readable form a mass of 
very valuable information. 

But it must be noted that his treatment rests fundamentally 
on certain statistical facts, such as the relative capacities of 
central-station and industrial plants for the country as a whole, 
the increased electrical output obtainable with improved equip- 
ment in industrial plants, and the like. This is a valuable but 
also, on occasion, a dangerous method of analysis as is well 
illustrated in the field of by-product central steam heating. 

For example, it has been shown many times by this method 
that power companies could do a very profitable central-heating 
business by generating electricity in non-condensing equip- 
ment and distributing the exhaust steam for heating purposes. 
And yet, those companies having the largest central-heating 
installations have resorted almost entirely to the direct genera- 
tion of heating steam instead of the use of combination plants. 
And it should be noted that in some cases these companies actu- 
ally started the business with combination plants. There is no 
overall and simple explanation of this phenomenon. Non- 
coincidence of heating and power loads and different character- 
istics of the two loads form parts of the explanation. The oc- 
currence of electrical peaks at times of the year in which steam 
loads are close to minimum values is another part. The cheaper 
distribution system obtainable in a large area when high- 
pressure feeders are used in preference to low-pressure feed- 
ers is another. In fact, the problem is so complex that each 
case must be studied separately and on its individual char- 
acteristics. 

The same sort of thing is true with respect to interconnection 
of industrial and central-station properties. There is no doubt 
that there are cases in which such interconnection is highly ad- 
vantageous to both parties, but it would be wrong to argue 
from these that this must necessarily be true in all cases or in 
the great majority of cases. 

The author correctly puts his finger on one of the great dif- 
ficulties met in attempting to negotiate such interconnections 
when he refers to the misunderstanding of the value of a unit 
of energy. He might properly go further and state that this 
is only one of many difficulties which may be summed up either 
under the head of difference in viewpoint or difference in char- 
acter of business. After all, each industrial establishment is 
run for the purposes of itself and not to supply by-product en- 
ergy. In general, the by-product is not of sufficient value to 
justify its production in the absence of need for the principal 
product. And therein lies the great stumbling block in the 
way of many apparently possible interconnections. 

The paper refers to the necessity of conducting negotiations 
through or with the full knowledge of the engineers of both 
parties in interest. He undoubtedly has in mind, though 
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possibly unconsciously, the engineering staff of an industrial of 
the type he is connected with. However, if any such extent of 
cooperation as he envisages is to be brought about it will in- 
volve dealings with industrials of much smaller magnitude. 
Here one meets, in general, executives who know little or noth- 
ing about steam and power problems and operating engineers 
who have their reputations and their jobs to protect. The 
combination is well-nigh hopeless and such experience in this 
field as 1 am familiar with indicates that this combination prob- 
ably presents more difficulties than any other single phase of 
this complicated problem. 

The paper under discussion lays great stress upon the eco- 
nomic advantages of these interconnections from the national 
viewpoint. I think it correct to assume that the refinement of 
all arts and businesses which comes with age and with competi- 
tion will automatically lead to more and more of these arrange- 
ments. But in every case they must be based upon business ad- 
vantage to each of the parties to the agreement and not upon 
any altruistic motive such as the conserving of the national 
store of fuel or the improvement of national business. 

In closing, I would like to draw attention to one aspect of 
this matter that the paper does not touch upon and which I 
have never seen referred to elsewhere in this connection. When 
a company undertakes to render public service it incurs certain 
legal obligations. Having placed itself in the position of a 
public utility it has, for instance, certain obligations with 
respect to the supply of that service to the public. I am an 
engineer and not a lawyer, but I suspect that if the interconnec- 
tion of industrial plants to public-utility systems goes very far 
some industrial executive who has not had adequate legal ad- 
vice will wake up some day to discover that his power plant 
is lega]!*" part of a public-utility system and must be run to the 
extent that public service dictates rather than as his private 
business demands. I know of at least one case that is some- 
what similar to this and in which the court decided against the 
well-meaning industrial. 


J. C. Hosss’® wrote: The total cost of producing service is 
less when industry and utility cooperate than when they oper- 
ate independently. The saving in operating expense is then 
available for distribution between them in the proper ratio. 
If cooperation does not exist this saving is not accomplished 
and a preventable waste occurs. 

A simple rule which has proved successful in individual 
inter-company cases is: 

(1) Determine what action would be taken if the properties 
were unified. This is what is done in every case of detailed 
equipment design and it should be done in inter-department and 
inter-company problems. Utility engineers do not adopt motor 
drives for main auxiliaries because of the savings shown when 
figured on the basis of their standard rate schedules but rather 
on the actual station cost. Power-station design also incor- 
porates the same heat-balance problems which the present sub- 
ject covers. 

(2) Determine an equitable distribution of the benefits de- 
rived from combination operation and adjust the costs to each 
accordingly. 

In other words, many of our problems today are not engineer- 
ing or financial problems but questions of policy which should 
be solved on a sound basis so as to take full advantage of the 
opportunities. 

Unfortunately, the elements of such problems are not always 
as clear and as easily recognized as are the almost exact quanti- 
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ties found in steam and electrical calculations. Nevertheless, 


they represent dollars and should be so equated. 


E. C. Hutcuinson!™ wrote: Mr. Harkins has brought to- 
gether and correlated an extremely interesting series of 
thoughts, facts, and figures appropriate to the title subject. 
Through the paper is a number of pertinent statements, any one 
of which may be developed easily into a small book. For this 
reason the paper is exceedingly stimulating to any one who 
will wish to give it serious thought. 

There is no doubt that a predominant policy among public- 
utility companies heretofore has been to discourage the in- 
stallation of industrial power by one means or another. There 
are, of course, some notable exceptions to this statement, but 
in the main it has been correct. 

I make this statement in the past tense because I believe that 
there is rapidly coming into the minds of utility executives the 
newer concept that the economics of any power-service re- 
quirement for industry or elsewhere must ultimately prevail. 
Therefore, it is unwise for any utility to take a position in 
which its policies are assailable and subject to destruction 
by the pure logic of the circumstances. 

Those utilities which have cooperated with industrial com- 
panies by exchanging power services, and even by extending 
steam services from utility to industry, are, to the best of my 
knowledge, well satisfied with the relationships they have de- 
veloped. Some express frankly their satisfaction with the 
results and decry the attitude of other utilities which persist in 
the old viewpoint. There are, for instance, utilities which, 
while not denying the economic superiority of the Diesel engine 
under certain services, still flatly refuse to use one or have 
anything to do with oil engines, because they have been the 
instruments through which some of their most difficult com- 
petition has been developed. There are likewise other utilities 
which have hospitably taken the Diesel engine into the family 
circle because it is a willing and efficient worker and may as 
well be doing it for the utility as for any one else. 

In discussing the cost of transmitting electricity, the author 
mentions that it costs from two to twenty times as much to dis- 
tribute electricity as it does to generate it at the station. He 
then makes an interesting and not ordinarily thought-of com- 
parison between the cost of producing a ton of coal and trans- 
porting it to the point of consumption. While the paper states 
a case in which the distribution cost was ten times the cost at 
the mine, it should be pointed out that there are many cases 
where it is fifteen times, or even more. 

One is also reminded of the occasion in Germany during the 
World Power Conference of 1930 in which the American Am- 
bassador was strenuously taken to task by Samuel Insull for 
a statement made in a speech criticizing the electrical industry 
for the large spread between the cost of producing electricity 
and the cost to consumer. 

It will be well indeed to give constructive publicity to the 
thought that transmission costs for electricity are, after all, 
no greater proportionately than are numerous other distribu- 
tion costs. Distribution costs will not increase if they are 
not economically justified. Moreover, they will be sure to 
decrease in the face of more efficient power generation in indus- 
trial plants. 

Thus is seen definitely today the trend away from the blind 
purchase of utility power and the entrance into the question of 
‘shall we purchase” or ‘‘shall we make"’ is a higher type of 
intelligence and a better grade of engineering than in any pre- 
vious time. This, I believe, is going to have the effect of limit- 
ing the expansion of utility business, generally speaking, to 
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those fields in which their service is economically superior to 
anything else. There are many such places and there are tre- 
mendous prospects for the growth of utilities. Such growth 
will, in my opinion, be enhanced and become effective in pro- 
portion to the willingness of the utilities to accept properly 
qualified isolated industrial plants into their network upon 
an equitable and mutually satisfactory plan for cooperative 
development and the interchange of steam and electric service. 


K. M. Irwin"? discussed the paper as follows: Mr. Harkins 
mentions the cooperation between the company by which I 
am employed and industrial concerns. I personally have 
spent much time with Mr. Harkins on one cooperative ar- 
rangement which is working out to the satisfaction of both 
parties. I am assuming, therefore, that this paper excludes 
“present company”’ and I want to assure him that my remarks 
do also. 

The impression given by the statements and data on the first 
two pages is that the capacity and energy that might be ob- 
tained by increasing the pressure in industrial plants and ex- 
panding the steam through back-pressure turbines is usable 
and of value to utility companies and that it is only their 
‘shortsighted policy’’ and ‘‘unfair competitive method’’ that 
prevent its purchase. The first statement of the conclusion 
also presupposes that the capacity obtained is firm and that 
the energy has a definite value. 

In our experience, it has been difficult to find an industrial 
development where the excess capacity would be firm on the 
load curve. A definition of firm capacity is *‘capacity which 
will be, beyond question of doubt, available for use when 
needed."’ If the capacity is not firm, the utility cannot pay 
money for it. We are sorry that ‘many industrial power engi- 
neers believe that the general refusal of the utilities’’ to pay 
money for something that is of no value to them ‘‘is unsound 
national economics.’’ I fear they mix ‘‘national economics”’ 
with what is best for their own particular firm. The surplus 
energy is worth, to the utility, something less than it would 
cost the utility to make it itself, less the transmission losses. In 
these days of interconnections between neighboring large com- 
panies, surplus power is, broadly speaking, a commodity of 
which there is a surplus and every fifth row should be plowed 
in. 

It should not be forgotten that in taking surplus energy, great 
care must be exercised not to use up transmission and distribu- 
tion capacity which is needed for the normal business, as savings 
on surplus power can hardly be large enough to carry additional 
investments. 

A great deal of time and money has been spent by our com- 
pany in making studies of concrete cases where it at first ap- 
peared possible to build a plant to supply a particular con- 
sumer or groups of two or three consumers electrical energy and 
steam. To date, only two cases have worked out to a solu- 
tion which would be mutually profitable to both parties and 
would also safeguard them against the contingencies of load 
variations. One of these cases is the Deepwater arrangement, 
and the installation of the other has been delayed due to busi- 
ness conditions. This type of arrangement ties up a relatively 
large amount of capital to the load stability of one or possibly 
two or three customers. 

Industrial plants have undergone radical changes in their 
steam and power requirements in the past. With business fluc- 
tuations, they may shut down for periods of time, change their 
products, change their process of manufacture, eliminate or 
add processes, or even go out of business. Tariff changes have 
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caused radical changes in the paper and sugar businesses. We 
know of a large oil refinery that uses practically no steam while 
others have a very large steam use. One cannot help but wonder 
whether some of those using large quantities of steam would 
not be tempted to change their process if they were not burdened 
with investments in steam-generating facilities. The loss of 
the load or a radical change in the steam or electrical require- 
ments of a customer supplied from a special plant may leave 
idle a large amount of investment, while the normal con- 
sumers which are connected to the main distribution system 
render only a relatively small amount of distribution investment 
idle when their loads are lost. 

These considerations make it appear necessary that a contract 
oe at a rate and for a term which will amortize the power- and 
steam-generating equipment during the life of the contract, 
A ten-year contract may cause the rate to be too high to be at- 
tractive and it is difficult to persuade industrials to sign fifteen- 
year contracts. When, due to load growth, it is necessary to 
increase the installation during the life of a contract, the prob- 
lem of amortizing the increased investment is present, especially 
if it is necessary to make the installation during the later years 
of the contract. Retirements and replacements which will 
probably occur during the contract must also be provided for. 

The economical advantage of this type of plant lies in the 
ability of the utility company to supply reserve for the gener- 
ating equipment and to take the excess production or to supply 
the deficit above the steam demand. 

Adding back-pressure turbines in the central supply com- 
pany’s main generating stations is, of course, a more attractive 
proposition, as the buildings and boiler equipment, etc., are 
useful for the general business of the company and even the 
back-pressure turbine unit may be utilized by the installation 
of a low-pressure unit or by exhausting into existing low-pres- 
sure equipment. The opportunity of locating customers within 
economical steam distribution radius of the main generating 
stations is generally limited. The feedwater problem, if the 
condensate is not returned, is also serious as the installation of 
evaporators takes up pressure head which could be used for 
power generation. 

The form of the corporate set-up and type of rate schedule 
also offer complications. Considerations as to whether the 
individual plant should be a part of the public service company 
of a separate company must be made and this decision has a di- 
rect bearing on the form of rate schedule. With a single cus- 
tomer served from the plant, methods of charges are relatively 
easy of solution but, with two or more customers each having 
a different ratio of steam to electric requirements, it becomes 
more difficult to distribute both the fixed and production costs 
equitably. 

The Deepwater station arrangement, referred to in the paper, 
is interesting in some of the results that have been experienced. 
I believe the parties to this agreement have faith in the fairness 
ofeach other. They know that the differences that have arisen 
are honest divergences of interpretation of intent and have 
settled them on a basis of equity rather than trying to take an 
advantage of literal interpretations of the contract. The satis- 
faction to the utility companies in this contract is not dependent 
on receiving either firm capacity or surplus energy from the 
back-pressure turbine, although it was expected when the 
contract was signed that both firm capacity and surplus energy 
would be available. The operation at this plant is an example 
of the way industrial loads and load characteristics vary and 
demonstrates why utility engineers are hesitant in considering 
the power from back-pressure turbines as firm capacity or be- 
lieving that steam and electrical peaks coincide. At the time 
the arrangements were entered into, the industrial’s engineers 
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thought that the steam and electrical requirements varied to- 
gether, that the steam used was such that excess energy would 
always be available, that there would be excess capacity avail- 
able in the back-pressure turbine which the utility company 
could count on as firm capacity, and that the industrial would 
only have to purchase additional power when the back-pres- 
sure turbine was out of service. 

Now, let’s look at the record! It covers the years 1931, 1932, 
and the first eight months of 1933. 


The maximum monthly kilowatthour use was 65 per cent 
greater than the minimum monthly kilowatthour use 

The maximum monthly steam use was 86 per cent greater 
than the minimum monthly steam use 

The kilowatthour required per 1000 Ib of steam required 
varied from 34.6 to 44.7. 


The maximum number of kilowatthours that it was neces- 
sary to purchase from the power companies’ machines to make 
up for the lack of power generated by the back-pressure turbine 
was, in one month, 20 per cent of the entire industrial's require- 
ments. In the month of minimum requirements, it was neces- 
sary to purchase but *4/,0 of one per cent. 

The maximum amount of surplus power from the back-pres- 
sure turbine which the power companies could purchase was 
10.65 per cent of the total generated. There were five months 
when the back-pressure turbine produced no surplus that could 
be purchased. In one month, it was necessary to purchase 10 
per cent of the power required by the industrial from the power 
companies due to shortage in the steam requirements and, dur- 
ing the same month, an amount of power equivalent to 5 per 
cent of the industrial’s consumption was sold back to the power 
companies. All of the above data were for months in which 
the back-pressure turbine was in operation throughout the 
month. 

I believe these figures clearly show the unsynchronized use 
of steam and electrical energy in a large industrial establish- 
ment. 


James F. Murr!* wrote: In his review of the many papers, 
which have been published on the interchange of steam and 
electric power, Mr. Harkins stresses, in a somewhat unique 
manner, the necessity of cooperation between industries and 
power utilities. 

The basis for interchange must, of course, be mutual profit, 
and a spirit of cooperation must necessarily be a function of this 
objective. If the parties to any prospective interchange plan 
do not cooperate, there is then no common ground for negotia- 
tions or agreement. 

In a problem so involved in technical and economic considera- 
tions it is but natural that differences of opinion, misunderstand- 
ings, and possible disagreements should arise. But when we 
consider that these same conditions are an every-day occurrence 
among all kinds of business and among industrials in the same 
business, it should be a matter of satisfaction that some prog- 
ress has been made, as evidenced by the author's list of inter- 
change arrangements already in service. 

For the purpose of analysis and discussion, it becomes neces- 
sary to establish the extent to which the interchange plan can 
be adopted and to determine the respective responsibilities of 
the utilities and the industrials in the promotion of this plan. 

As a matter of general interest and to give a picture of the 
entire industrial situation, the author might have included data 
showing the industrial plants which purchase power from cen- 
tral power systems. While most of these utility customers 
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are not in a position to interchange, this information would 
give an indication and a measure of the extent to which indus- 
trials depend on the central-station system for power service. 

It is common knowledge that a very large percentage of 
central-station power is generated for industrial purposes. In 
fact, in the system I am associated with, more than 80 per cent 
of the total output is delivered to industrial plants. 

In this connection Mr. Harkins discloses that in the 8'/2 mil- 
lion kilowatts of industrial capacity, the average size of gen- 
erators is 450 kw. Furthermore, the paper states, in effect, 
that the interconnection of a great many small units presents 
a hazard and reduces the quality of service to all customers. It 
is reasonable to expect that this conclusion has been arrived at 
after a careful analysis of conditions. It must be agreed, there- 
fore, that the average plant is too small to warrant interchange 
considerations. In any case, our investigations indicate that 
these average plants have little or no surplus power available 
and the installation of additional equipment for this purpose 
cannot be justified. 

In considering, then, the plants which are qualified to be in- 
cluded in a study of interchange arrangements, and which are 
not a part of the central power system, it becomes a vital part 
of this study to sort out or separate the favorable and unfavor- 
able possibilities. 

Plants with large power loads and relatively small process- 
and heating-steam requirements may be considered as the steam- 
condensing group. This group, waich includes glass, coal 
and coke, iron and steel, metal products, etc., represents a very 
large percentage of the plants above the average size. With 
the greater portion of their power needs generated by condens- 
ing units, the advantage of the interchange is of small conse- 
quence. Although power from these plants could be delivered 
by relatively short transmission systems to local customers, this 
advantage would be offset, to some extent, by the fact that the 
industry must be served first. The outside customer is of more 
or less secondary importance. In this group, however, there 
are a few plants where waste heat and fuel are available. In 
such cases the installation of interchange capacity might be 
warranted, but the number of plants in this category represents 
an insignificant part of the industrial field. 

There now remains the group of plants with large steam de- 
mands and relatively small power requirements. These types 
of plants constitute a field for the development of possible inter- 
change arrangements. As a result of investigations in the sys- 
tem in which I am employed, the number of plants having large 
steam demands and relatively small power requirements repre- 
sents only one-half of one per cent of all industrial plants in the 
territory. This territory covers an atea of 20,000 square miles 
and is typical of a highly industrialized region. 

In summarizing the situation as outlined above, it is quite 
evident that the field of interchange is very small indeed, 
probably consisting of a few of the industrial plants with large 
steam and small power requirements. 

Having arrived at this conclusion by investigation and a con- 
sideration of the many factors involved and encountered in in- 
dustries of almost every description, it would seem appropriate 
that some further comments be added with respect to the atti- 
tude of the industrials in connection with the supply of power. 

In the past (and it is likely to apply in the future) industrial 
concerns have been more interested in investments which would 
show a high return in manufacturing equipment. While the 
savings in the power-plant department by high pressures and 
mercury cycles may show some advantages, these savings would 
be insignificant compared with the profits on industrial-plant 
manufacturing equipment investments of the same magnitude. 
This statement of investment policy is not merely an assump- 


tion, it comes directly from both small and large industrial in- 
terests. These concerns are not interested in complicating their 
normal manufacturing activities by power developments beyond 
their local requirements. They purchase electricity from the 
central power system because it is profitable to do so and be- 
cause these purchase agreements can be discontinued should 
the arrangement prove to be unsatisfactory. 

Industrial concerns are specialists in the manufacture of com- 
mercial products. In fact they must specialize and concentrate 
on the improvement of their methods of production and the 
quality of their goods. These activities result in an almost 
continual change from year to year, and in some cases, month 
to month, in processes, in the demand for goods, in equipment 
of new types and kinds, in the character of business, and in the 
use and amount of their power and steam demands. In fact, 
changes are so rapid that the average life of industrial plants 
is astonishingly short. It is less than a decade. 

In operations surrounded by such uncertainties it is only 
logical that the attitude of industrials should be one that points 
definitely toward a release from the responsibilities of the 
technical problems and the highly specialized operations of 
the power business. 

It is a known fact that with but few exceptions industrial 
power plants are not equipped with steam and electric gener- 
ators which can compete in performance and production costs 
with those in service in central power systems. In order to 
meet this competitive situation and make the interchange plan 
effective and profitable, new high-pressure steam and electric 
generating equipment would have to be provided. From our 
record of 10,000 personal contacts each year with industrials it 
can be stated with confidence that the vast majority are not 
interested in the installation of new high-pressure equipment 
for interchange. 

Mr. Harkins points out that the larger part of future electrical 
generating capacity should very probably be installed in or near 
industrial plants rather than in condensing-steam and hydro 
central stations. 

The economic advantage of stations conveniently located in 
industrial centers for the supply of steam as well as power is 
thoroughly appreciated by the power companies. In fact, in 
the summer of 1929 our company completed studies and was 
prepared to undertake an installation of this kind. These 
plans were upset by the depression and its duration has altered 
temporarily the power-supply situation. However, as soon 
as normal business conditions are established, we are fully com- 
mitted to a policy of active promotion of such schemes as are 
warranted by sound economic conclusions. Indeed, the major 
part of my activities are centered around investigations into 
these possibilities. 

Although the development of such projects is governed by 
the demand for process steam, the turbine equipment in these 
stations cannot be confined solely to the back-pressure unit as 
sponsored by the author. Seasonal variations and wide fluctua- 
tions in industrial demands would, in most of these installa- 
tions, result in very inefficient loading of turbines of the back- 
pressure type. 

From the author's comments it is not clear whether he favors 
the development of these projects by the utilities or by the 
industrials. It would seem a reasonable assumption that this 
type of power enterprise is an activity which should, and prob- 
ably will, be undertaken by the utility. The power companies. 
are ina position to provide high-efficiency condensing base-load 
plants of capacities considerably in excess of local steam and 
power loads. Extraction steam would be used for process, 
and surplus power would be delivered to the system. On ac- 
count of the larger capacity and the high economic advantage 
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of base-load operation, the unit cost of production would be 
reduced to a minimum. A plant of this type would not be 
affected by changes in manufacturing processes and it would 
have the same reliability as any modern super-power station. 

Let us hope that the few plants of this type already in service 
will furnish the incentive for more active cooperation between 
central power companies and industrials in an expansion of this 
most recent and interesting plan for the development of power 
facilities. 

Regarding the attitude of the utilities with respect to the 
purchase or interchage of power from industrials, I can, of 
course, give only an expression of the policy of the company 
by whom I am employed. It can be stated definitely that we 
are interested in obtaining adequate and reliable power at any 
place, provided the cost is in line with incremental value of 
similar blocks of power from existing plants already in opera- 
tion in the system. 

This discussion has attempted to point out as a result of ex- 
perience and contact with a great variety of industries, that 
possible interchange arrangements are more or less insignificant 
when considered in terms of the industrial field as a whole. 
However, regardless of the number of possibilities, it is im- 
portant that the power utilities exercise all possible interest 
and cooperate to the fullest extent. This, I am sure, is the 
honest intent of all progressive central power systems. 


Gro. A. Orrox'‘ wrote: In preparing a discussion of this 
paper I found that I would greatly exceed the ten minutes al- 
lowed me so I prepared an article which appeared in Power 
Plant Engineering, December, 1933, where I have given facts 
and figures concerning the most interesting interconnection at 
present in existence, that of the Union Générale Belge d'Elec- 
tricité. 

In the years preceding 1925, Mr. Fernand Courtoy, of Brus- 
sels, worked up a plan for the coordination and interconnection 
of the power supplies of Belgium. This proposal was soon 
followed by the appointment of a commission whose report was 
embodied in the law of March 10, 1925, establishing the Union 
Générale Belge d’Electricité. This corporation grouped to- 
gether all the large producers and users of power from all sources 
in the eastern half of Belgium. The size of the plants connected 
was limited by the requirement that they should take at least 
from 500 kw to 1500 kw of demand. These plants were con- 
nected by high-tension lines into one system managed by the 
load dispatcher at Liége, and by 1929 an aggregate of about 
500,000 kw had joined the system. The higher-cost plants had 
been shut down or relegated to peak-load operation. The 
net savings for 1928 operation were more than 4,000,000 francs 
and the profits to members were of the order of 2 centimes per 
kwhr for the 1928 operation. In 1929 the profits on a much 
larger business were about 1'/, centimes per kwhr. The 1930 
business approached 1,000,000,000 kwhr, with profits of about 
the same figure. 

Since the preparation of the article referred to, I have received 
a letter from Mr. F. Bochkoltz, director of the Union Générale 
Belge d’Electricité, who tells me that the 150,000-volt trans- 
mission line connecting the provinces of Hainaut and Liége has 
been completed and the paralleling of the entire system is now 
in operation. The generating capacity is substantially the 
same as in 1932, while the returns paid to the affiliates have 
amounted in each year, 1931, 1932, and 1933, to one centime 
per kilowatthour. He corrects one statement which I made 
in Power Plant Engineering by saying that up to date no govern- 
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ment representative has been appointed to the board of direc- 
tors, although the possibility is provided for in the law of 1927. 


J. A. Powett'® wrote: Iam thoroughly in accord with the 
broad idea of interchange of steam and electric power between 
industrials and public utilities, having studied this subject for 
several years. 

Such projects, however, should only be executed after a very 
thorough study has been made, taking into account not only 
the cost of the steam and electric generation, but also the long- 
time economy and availability of such generation from indus- 
trial plants, the changing energy demand on the utility system, 
the method of joint plant operation, and the local conditions 
peculiar to that particular project. For such studies a thor- 
oughly competent engineering organization should be called 
in, who, with the cooperation of the industrial and the utility, 
can ascertain all facts and work out a most economical solution 
for approval. 

I have been associated with a number of such investigations 
during the last four years. In general, the industrial and the 
utility have fully cooperated in all studies. These studies re- 
vealed the necessity of a thorough examination of the condi- 
tions for each individual project. Not only should the present 
steam and power consumption of the industrial be checked, but 
possible improvements in operation should be investigated, as 
these may materially affect the steam demand and thereby the 
result of the study. 

In several studies, it was found that an interchange of power 
between the industrial and the utility was not as favorable as 
a superficial study seemed to indicate; in other cases, such inter- 
change of power was found definitely economical and feasible. 
In general, it may be said that an industrial plant must be of a 
certain magnitude and must be doing a stable business to make 
it attractive for the utility to connect this plant to its system 
for power generation. 

In one study made, the steam demand of the industrial was 
approximately 500,000 lb per hr, with a yearly steam require- 
ment of 3.5 billion pounds. The thoroughness of this study, 
which was completed about two years ago, may be judged from 
the fact that complete estimates were made for eight arrange- 
ments, including installation and operating costs for a plant 
using steam at 1400 Ib, 600 lb, and a mercury boiler. The small- 
est mercury unit which the manufacturer was willing to install 
was for 20,000 kw, thereby limiting the benefit of the mercury 
cycle to the largest industrial plants. 

The result of this study was gratifying in that it showed that 
a plant built for the supply of steam to the industrial and elec- 
trical energy to the utility was economical, feasible, and bene- 
ficial to both parties. Due to the slump in business conditions 
which reduced the steam requirements of the industrial and also 
the energy requirements of the utility, the postponement of the 
actual installation was necessary. In this case, as in several 
others, plans are complete and the actual purchase of equip- 
ment and installation of units can be made without delay when 
business conditions warrants such action. 

A number of engineers and executives in this country are 
fully aware of the possibilities of such interchange of steam and 
electric power and that the studies made will prevent them from 
the pitfalls of overenthusiasm in a new field, and lead to quick 
action based on a careful analysis of the facts when conditions 
permit. 

Many joint power projects have unquestionably been delayed, 
due to cheap fuel and dump hydro power experienced during 
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the last few years, and difficulty in obtaining new capital for 
such projects. 


Guy B. Ranpat!® said: There are so many interesting 
statements in this paper by Mr. Harkins that it will naturally 
develop a lot of interesting discussion. But his seven conclu- 
sions, well summarized at the end of the paper, must appeal 
to the vast majority of engineers who have followed this 
development as being quite sound. 

In the body of his paper, as well as in conclusion No. 2, Mr. 
Harkins, in my opinion, has perhaps unintentionally left an 
erroneous impression when he makes his brief references to 
hydroplants. As I have suggested in at least two previous 
articles dealing with this subject, there can hardly be any seri- 
ous competition between steam power and water power if our 
national power development is carried out in a rational way. 
One has only to visualize the inevitable national, and even inter- 
national, “power pool’’ to realize fully the fundamental truth of 
this statement. A water-power plant not only can be very 
simply and quickly placed in service and likewise stopped but 
by drawing on water storage can develop enormous peak-load 
capacities. Water-power plants can also be arranged in marty 
cases to pump water for storage, thus consuming certain steam- 
power and water-power surpluses. It is, among other con- 
siderations, for reasons such as this that water-power rights 
will, in the future, prove highly valuable in a unique way. So 
steam-power development, either on a condensing or a by- 
product basis, does not operate to make water power useless but 
rather tends to modify and to enhance the importance of its 
ultimate economic application. I say this, and yet in the same 
breath admit I am a ‘‘steam’’ man. But when I talk about 
a water-power plant I do it ‘“‘with my fingers crossed.’’ Be- 
cause, after all, a hydroplant is nothing but an elementary 
steam plant in disguise. In it the boiler feed pump is simply 
reversed and magnified to the dimensions of the main prime 
mover, a hydraulic turbine, while the sun and the ocean act 
as the heat source and the boiler, respectively. So if anything 
can be regarded as certain it is that we should not be faced with 
a problem of steam power versus hydro power but rather with 
the problem of the proper coordination of our three great steam- 
power sources, namely, (1) condensing steam, (2) by-product 
steam, and (3) “hydro steam.”’ 

Mr. Harkins follows his water-power statement with a 
second point which is tied into conclusions Nos. 3, 4, 5, 6, and 
7. I do not question these conclusions. But I do think 
that the paragraph beginning at the bottom of page 12 may 
teasonably be examined from a slightly different angle. I refer 
to the general subject of the rights and responsibilities of a 
utility power company in dealing with an industrial plant as 
to surplus power and power interchange. The key to the solu- 
tion of this problem jointly confronting the industries and the 
utilities is probably to be found in a careful review of the essen- 
tial character of the utility power companies and their proper 
relations to the communities they serve. This involves con- 
sideration of their obligations no less than their privileges. 
They are privileged to exercise the right of eminent domain, to 
occupy streets, roads, and other public places in a monopolistic 
manner for the conveyance of their product, and to charge such 
prices as will net them a reasonable or fair return on their in- 
vestment. Their chief collateral responsibilities are to exercise 
reasonable prudence in management, to avoid interfering un- 
duly with the use of public places or highways, and to see 
that service is adequate to meet the ever-changing needs and 
standards of the communities they serve in this quasi-public 
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relationship. They are in no sense granted any monopoly on 
the making of electricity. Any one may do that. Nor on 
the selling of it. Any one may do that. Their monopoly 
lies in the rather exclusive use of public property for convey- 
ing and distributing electricity. That is, they are permitted 
to install private ‘‘powerways’’ on and under public highways. 
Now if I have a block of electricity to sell and ten squares down 
the street another party has a block to buy I, as an ordinary 
citizen or company, cannot make the sale unless I make delivery 
Over a private transmission line running on private property. 
That is, I must follow this method, which is usually prohibi- 
tively expensive, unless I can prevail upon the power company 
to do the conveying. In this event, I sell the electricity to the 
power company, which in turn allows it to flow over their wires 
to the buyer's premises where they then re-sell it to the buyer. 
Suppose that as a surplus-power producer I finally induce the 
utility to make mea price for my surplus. This price, of course, 
would be discouragingly small as compared to what the cus- 
tomer pays. As an alternative I might then suggest to the 
utility that they simply place three independent wires on their 
existing structures and connect me with my customer. At one 
stroke I have cleared away a wilderness of entanglements and 
complications. The basis on which the deal may be negotiated 
now assumes relatively simple proportions. I can make money, 
the power company can make money, the customer can make 
money, and the community is better off. This is the common- 
carrier idea reduced to its simplest terms where electricity is 
the commodity. The full solution, of course, involves another 
step which I have, for almost exactly ten years, labeled and 
described as a ‘‘power pool.’ This great power pool is coming 
inevitably. Many members here in this meeting can easily 
recall when it was quite common for railroads to refuse freight 
originating on other lines. But such a custom could not long 
prevail because it was so obviously contrary to the public in- 
terest. The same reasoning applies to the power problem. 
Pooling is natural. The only question really open to discus- 
sion is how best it may be done. We can recognize it and ar- 
range for an orderly development. Or we can refuse to recog- 
nize it but nevertheless will get it through a course of zig-zag 
progress which will serve mainly to increase both the expense 
and the time for a given development. So perhaps lexicogra- 
phers, as well as engineers, should add to waterway, high- 
way, tailway, and airway, an equally portentous development 
logically called ‘‘powerway,’’ because, like its four consorts, 
it will be essentially a common carrier. 

In the foregoing I have emphasized in a little different way 
some of the features of the problem which Mr. Harkins has 
ably dealt with. These are features which are important, not 
only for engineers in general but for much of the public to 
understand. Such understanding will, perhaps, keep us from 
losing a sense of proportion—a thing which has occurred too 
often in the past. Mr. Harkins, perhaps, recognized this fact 
but in one paper cannot include everything. As another in- 
dustry interchanging power with a utility system, I might add 
The Champion Coated Paper Company to the list he discusses. 
This company, in its Hamilton plant alone, generates well over 
one hundred million kilowatthours per year, sells about ten 
per cent, and buys about one per cent. The interchange is on 
‘when, as, and if’’ basis chiefly because of the utility's insis- 
tence. The utility’s selling price is three times the industrial’s. 
Probably neither party is satisfied with the arrangement though 
relations are certainly friendly. The satisfactory solution of 
this case and all other cases must, in the final analysis, depend 
upon some sort of public agreement as to the principles in- 
volved. This in turn calls for a very considerable amount of 
free and open discussion. The ends of logic, justice, and econ- 
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omy are not well served by silence, secrecy, or equivocation. 
The existence of a north pole and a south pole implies an equa- 
tor. Let us all hope we find it without resort to a complicated 
legal instrument. Yet some kind of a code will doubtless be 
necessary for a good many reasons. But it must be remembered 
the present by-product or surplus-power situation is not exactly 
something new under the sun. It is rather the old, old story of 
a natural and gradual technological advance which may ulti- 
mately exert enormous pressure—like water freezing in a granite 
rock—simply because it is constrained. 

One peculiar result of this constraint lies in connection with 
the maximum-demand and emergency-service policy followed 
by most of the utilities. The set-up is such that if I want to 
install one thousand kilowatts of capacity to generate some 
power, the utilities indirectly force me to install another 
thousand kilowatts of capacity for emergency reserve. I say 
this because in every case I have known much about it has 
been cheaper to install used or second-hand equipment in a 
first-class manner to supply emergency service than to buy it 
from the utility. I have been a little surprised at some cases 
where engineers have recommended purchasing emergency 
service when the used-equipment solution would pay 20 to 
100 per cent yearly dividends. In this connection used equip- 
ment—or old equipment—is not to be taken lightly. A keen 
engineer can often accomplish wonders with it for service 
with a 5- or 10-per cent use factor. And, believe it or not, 
some of the old equipment is better for standby service than 
some of the new. But most utilities seem to feel that in any 
event this reserve equipment is an industrial plant’s own 
ghost. I am not so sure. I often wonder if, in the natural 
course of future events, the utilities may not some night 
awaken in a cold sweat to find it haunting them. 

Whatever the material facts may be there is little ground for 
belief that industrial plants, as surplus-power producers, will 
receive unprejudiced consideration of their claims by the utili- 
ties except as they arrange to press them diligently. If any 
one is inclined to doubt this statement, let him investigate the 
known facts of electric-appliance retailing and the laws that 
have been passed—or are pending—in many states to govern it. 
Much information is available in this connection from the 
various state retail associations. But this very situation offers 
a unique opportunity to the utilities to demonstrate that they 
do realize and do assume the responsibilities as well as the privi- 
leges conferred through their public-granted monopoly for con- 
veying and distributing electricity. If they do make use of 
this opportunity they will not only have an added reason for 
further development but will rise above that level of thought 
and action that now seems to justify applying to some of them 
that old but logical and classical injunction, ‘“There are more 
things in heaven and earth, Horatio, than are dreamt of in 
your philosophy.” 

In closing, I feel compelled to mention once more!’ the moot 
point as to the necessity for evaporators. All who have read 
this paper must have noticed that in Table 1 there is a curi- 
ous recession in the kilowatts of power available when the 
increasing steam pressure reaches 650 lb. This simply means 
that Mr. Smith thinks evaporators are not required at 450 lb 
but are required at 650 lb. There is an abundance of actual 
operating evidence that they are not needed up to approximately 
750 lb, inclusive. The recognized authorities on feedwater 
and boiler-water control also seem to agree that they are not 
needed for 1300-lb operation. Operation of the plant with 
which I am connected has been notably successful and free from 
trouble of any kind without evaporators and with a make-up 
of 35 per cent of hard water for 650-Ib operation. I think the 

1 See Trans. A.S.M.E., 1931, paper FSP-53-26a, p. 346. 
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secret—if indeed there is any secret as some seem to think—is 
that water-treatment plants must be controlled by the hour 
rather than by the week. With evaporators or without evapo- 
rators first-class control is economically necessary because it 
pays handsome dividends to those who exercise it. 


C. Ricnarp SoperserG™ wrote: It is a curious fact that, 
although the fundamentals of the problem of interchanging 
steam and electric power have been well known for a long time, 
it is only during recent years that it has received due attention. 
Of the available possibilities of materially improving the ef- 
ficiency of power generation, the generation of by-product 
power offers by far the greatest possibilities, wherever there is 
a demand for steam for heating purposes. It will eventually 
transform a large percentage of our industry from power con- 
sumers into efficient power-generating stations. The author 
has ably brought out the inherent facts of this problem. 

It is in this field that the development toward higher initial 
steam conditions is bound to come into its own. The principal 
objection to high pressure, namely, the wetness in the exhaust 
of condensing turbines, is removed when the expansion is 
interrupted at the range of pressure generally used in industrial 
heating application. In this connection, I should like to call 
attention to the next to the last item in Table 1 where steam is 
expanded from 2400 Ib per sq in., 1000 F, to 200 Ib per sq in. 
with a by-product power generation of 24,050 kw for an exhaust 
steam flow of 400,000 Ib per hr. This is presumably obtained 
on the assumption of no extraction for feed heating. Regenera- 
tive feed heating is of particular importance in this connection, 
however. When this device is brought into the picture, it 
will be found that the by-product power available comes close 
to the value obtained by the mercury process. Considering, 
for example, the more practical case of 2400 lb per sq in., 900 F, 
exhausting to 200 lb per sq in., and extracting for feedheating 
in three stages, including at the exhaust pressure, it is possible 
to generate about 35,000 kw for a steam flow to the process 
line of 400,000 Ib per hr. 


W. B. Sxivxxz.'* There is so much to be said on the possi- 
bilities resulting from the interchange of power facilities as 
between two industrial companies or between the industrial 
and the utility that it is difficult to determine what should be 
left out in order to bring the discussion within the limit of the 
time allowed. 

This paper by Mr. Harkins very effectively handles a problem 
to which the writer has given a great deal of study during the 
past fifteen years. He should be complimented on the brief 
yet able way in which he has treated this subject which is capa- 
ble of an almost infinite number of variations. 

The author makes one statement in his paper as follows: 
“if industrial management were educated in the economics of 
power generation, etc.,’’ to which I should like to make a 
considerable enlargement. The writer believes this statement 
should read: ‘‘If utility and industrial management, operators, 
and engineers were educated in the general subject of industrial 
economics, etc.”” 

The inability of each group to visualize and recognize prob- 
lems faced by the other group is one of the major stumbling 
blocks in the conclusion of sound interchange agreements. 

Fundamental Economics. The two large oversights occurring 
in both groups are a failure to recognize and properly evaluate 
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de‘'time factor’ in production, and second, a failure to realize 
that this mythical thing called ‘‘cost’’ is subject to consider- 
able analysis and variation. There very decidedly és such a 
thing as a ‘‘constant’’ cost which is independent of the pro- 
duction and there is also such a thing as an “‘increment’’ or 
“‘out-of-pocket’’ cost which is dependent on the production 
and which varies widely in accordance with a constantly 
changing set of operating conditions. 

It has been gratifying to note how this present industrial 
depression is educating all classes of both utility and industrial 
men into some of these basic facts in industrial economics. 

Attention is called to one point illustrated by Fig. 2 of Mr. 
Harkins’ paper (see page 13) which it is believed is generally 
overlooked. 

Without considerable study and analysis of the subject, most 
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people assume that the great value of interchange results from 
the recovery of industrial by-product heat and the conversion 
of this heat into power. Without the all-important ‘‘time 
factor,"’ energy recovered from industrial by-product heat, 
while not absolutely valueless, has in fact only a very small 
value as it must compete with the “‘increment’’ or “‘out-of- 
pocket’’ fuel cost of large utility equipment capable of putting 
a kwhr on the station bus bar at an expenditure of between 
three-fourths of a pound and one pound of coal. 

It is quite remarkable to note from a close study of Fig. 2 
what a small and almost insignificant quantity of ‘‘firm’’ power 
will be exchanged between the two systems. 

The area under the line “‘CD’’ represents the quantity of 
energy developed by the utility whereas only the small verti- 
cally sectioned areas between the vertical lines 2 to 3 and 6 to 7 
represent the help from industrial sources that is actually 
required by the utility company. The situation with the 
industrial is similar, where the diagonal dotted cross-sectioned 
areas between the vertical lines 4 and 5, and 9 and 10 represent 
the utility help in the form of ‘‘firm’’ power actually required 
by the industrial. 

It appears, therefore, that the chief advantage of interchange 
arises from the exchange of emergency power and the ability 
of the two systems to delay large investments in power equip- 
ment which, under independent development would have to 
be completely installed before any part of its output would be 
required and would then have to stand idle accumulating a 
high cost in fixed charges until the load grows to a point where 
its operation becomes necessary. 

The addition of generating equipment on a major utility 
system can easily cost as much as $6,000,000 which if delayed 
for one year means the avoidance of approximately $780,000 


expense in fixed charges. A large industrial plant may easily 
invest $2,000,000 in addition to power facilities on which the 
fixed charges would amount to $260,000 a year. With utility 
support, the industrial plant could probably delay investments 
much longer than would be possible in the case of a utility 
plant. 

During the past ten years I have had occasion to develop 
the economies involved in several interchange problems. It 
is my opinion that a sufficient number of interesting points were 
developed to make a review of some of these problems particu- 
larly opportune at the present time. 


FUNDAMENTAL Economics 


In order to clarify the points presented it will be necessary 
to make a short review of some of the fundamentals of industrial 
economics which have already been presented in other papers 
but which it is believed will stand repetition. 

Fig. 3 is a typical curve of unit costs plotted against produc- 
tion and illustrates how the unit cost decreases with increased 
production until it approaches an irreducible minimum. 

It can be shown that such a typical curve answers the general 
definition of a hyperbola of the form of 


n= m+ b/x 


If the total operating cost for any given rate of production is 
wanted, the units produced OL would be multiplied by the 
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unit cost OC. It can be shown also that the curve of Fig. 3 
can be expanded into a total cost curve like Fig. 4, which is 
a typical curve of total cost plotted against production. 

In this figure the total cost is shown to be made up of two 
parts: A constant cost b, which is independent of the produc- 
tion plus an increment cost mx, which varies directly as the 
production. 

The truth and practical application of this conception of 
costs have been proved many times in the writer's investigation 
of industrial economies. An interesting side light to the fore- 
going is shown in Fig. 5. 

Variations in efficiency of the units in question change only 
the slope of the increment-cost line so that economies resulting 
from increased efficiency are dependent on a large production 
for satisfactory results, whereas changes in the constant cost 
of operating a given unit hold throughout the entire range of 
production. This principle has been of great value during the 
present periods of low production in pointing out those ele- 
ments of cost on which attention and effort should be con- 
centrated. 


: 
: 
| 
ae 
A 
| 
i 
| 
an | 
| 
L 
| 
be 
OC 
| 
| 


FUELS AND STEAM POWER 


As an actual illustration of how closely industrial costs 
follow this principle, Fig. 6 is offered for inspection. 

In Fig. 6(4) actual ‘‘book costs’’ for every month of three 
consecutive years are plotted for a boiler house of about 3500 
hp of rated capacity. The variations from the cost lines shown 
on the graph are accounted for by changes in the cost of coal 
and also by the fact that repairs and ‘‘distributive costs” 
shown on the lower line are charged ‘‘in total’’ against the 
production of the month in which the expense is incurred. 
This means that although many items of repair and similar 
costs gradually accumulate over long periods of time, the 
production during the month in which the money is actually 
spent gets ‘‘soaked’’ with the entire burden. In Fig. 6(4), 
the repair costs and similar items were ‘‘funded.’’ A given 
constant plus an increment was charged against each month, 
so that months of large production carried a greater amount 
of these costs than months of smaller production. The fuel 
costs were then charged at the weighted average cost of the 
fuel. 

This particular installation usually operated as a ‘‘make-up"’ 
unit to supply any deficiency in the by-product heat. During 
periods of low operation by-product heat was not available 
and the coal boilers were called upon for heavy production 
whereas at other times with a plentiful supply of by-product 
heat the coal station floated on the line and only picked up 
the load for short periods of deficiency in the supply of by- 
product heat. 

The result is an unusually wide variation in load, this being 
something over 600 per cent. The points on the cost line show 
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how closely actual costs follow this principle when the un- 
avoidable variations in costs of raw material and some of the 
peculiarities in accounting practises are removed. 

Many similar analyses of steam costs have been made with 
equally uniform results. This particular example was used 
because of the extremely wide variation in the steam produc- 
tion. Before leaving this analysis your attention is called 
again to the irregularities in the book costs of steam as shown 
in Fig. 6(¢). The same irregularities occur in the turbine 
room costs when taken by themselves. Usually when the 


FSP-57-2 29 
1927 
e /928 
1929 
7 + 
/ 
+ 
gy! 
a 
2 4 
5 fie St 
5 
‘136 Months Weighted Average 
lo? a T 
+ 4 
a ' 
| 
a | 7 
0 1,000 2,000 3,000 4,000 5,000 6,000 
Boiler Hp- Months per Month 
(4) 
& vA 
£ AT 
: | 
= 
é fe 
E o 
Ww 3! 
+ x 
9 
dP 
| 
| 
Oc Excl. Fue/=4130,* 0.252 Sy 
“+ 
0 7,000 2000 3,000 4,000 5,000 6,000 
Boiler Hp- Months per Month 
(6) 


Fic. 6 Costs or PropucinG SteaM For 1927, 1928, anv 1929 


(Ce) Book Cost. (6) Corrected Cost Based on 63.5 Per Cent Boiler 
Efficiency and Fuel at 13.8 Cents per Million Bru.] 


% 
¢ 
£ 
2 
of 
- 
10 
Be 
‘ 


30 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


turbine is shut down for repairs the boilers are ‘‘down"’ and 
also undergoing repairs with the result that these irregularities 
are cumulative and electric costs look something like those 
shown in Fig. 7 where the total cost of 33 consecutive months 
of operation is plotted against the production of the unit. 

Fig. 8 shows the analysis of costs on this unit. The differ- 
ence in unit cost between the points 2 and 5 is nearly 240 per 
cent. 

Figs. 7 and 8 have been shown to illustrate the difficulties 
in attempting to formulate economically sound interchange 
agreements based on the book costs as reflected in the cost 
sheets of the average industrial plant. 

With this background of the fundamental economics, let us 
see what can be done in an actual case. 
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Case 1 Steam Interchange. Two companies called company 
“C’’ and company ‘‘A’’ operate adjoining properties. Com- 
pany “‘C’’ has a large modern boiler house and company ,“‘A”’ 
a 30-year-old boiler house. 

The economies possible are the elimination of the ‘‘constant 
cost’’ of operating boiler house ‘‘A’’ and the supply of the joint 
steam from boiler house “‘C.’’ The coal-fired boilers of com- 
pany “‘C’’ are “‘make up”’ boilers and are required to float on 
the line when large quantities of by-product heat are available. 

The analysis of the company ‘‘C’’ steam costs from coal are 
shown in Fig. 9 with (4) the book costs and (6) the corrected 
costs. 

In similar manner the steam costs of company ‘‘A"’ are shown 
in Fig. 10. There was, however, a correction that had to be 
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made in these costs. If you will notice the costs, exclusive of 
fuel for 1929 and 1930 are materially lower than similar costs 
for other years. This shows clearly the results of efforts on 
the part of the operators of company ‘‘A"’ to reduce their costs. 
The basis of intercharge between these two companies was 
therefore made using a constant boiler-house cost of $2800 
a month for company ‘‘A"’ instead of $3707 as was indicated 
by the five-year analysis. 

If the total cost of both boiler houses were to be plotted 
together, the graph would look like Fig. 11(¢¢), in which the 
load and cost graph of company ‘‘A"’ is superimposed on 
the load and cost graph of company ‘‘C.”’ 

Changes in either the cost of fuel or in the efficiency of opera- 
tion of either boiler plant will cause the increment cost lines 
to change their slope using their points of origin as centers. 
The interchange agreement is now faced with the problem 
of dividing a positive but always changing cost reduction 
equally between the participating parties. 

The manner in which this was accomplished is shown in 
Fig. 11(4) which is an enlargement of the upper portion of 
Fig. 11(4). The lines A and B of Fig. 11(¢) form the co- 
ordinate on which Fig. 11(4) is built. 

It was assumed that inasmuch as both companies purchased 
coal from the same mine the fuel cost Ca would be the same for 
both boiler houses. 

It was also assumed that inasmuch as the average efficiency 
of boiler house ‘‘A’’ over a four-year period had been main- 
tained at 73.9 per cent it was fair to assume that such a figure 
should continue to be maintained and should, therefore, be 
used in estimating the probable costs after the boilers were 
shut down. 

The assumption of a constant efficiency enables the cost 


equation of company ‘‘A"’ to be simplified to the form shown 
on the upper line of Fig. 11(4). 

The increment cost of company ‘‘C’’ is shown on the lower 
line. If these two costs are then added together and divided 
by two the result will be a selling price that no matter what 
change in fuel cost or what change in efficiency takes place, 
the cost reduction resulting from joint operation will be 
divided equally between the two participating companies. 
This equation is shown along the central dotted line in Fig. 
1106). 

Case 2 Interchange of Electric Energy. Interchange of electric 
energy between utilities and industrials is possible mainly 
when the industrial has at his disposal large quantities of by- 
product fuel available in such form that it is not possible or 
economical to store it or to dispose of it in the form of fuel or 
in any other manner. 

Problems of this kind open up a vast field of special condi- 
tions which may radically change from one hour to the next. 
The difficulties in drawing up agreements which are sufficiently 
flexible to meet these ever-changing conditions are very great 
unless the men conducting the negotiations are well versed 
in the field of cost analysis and industrial economics. 

The most essential feature for the successful operation of 
such agreements is that both parties must benefit financially 
from ail parts of its operation. 

Industrials generally fail to recognize that there are several 
kinds of kilowatthours which it may receive from or deliver 
to a utility, and that each of these different kinds of energy 
has radically different values to the receiver and radically 
different costs to the producer. Until this fact is recognized 
and admitted by the industrial, interchange negotiations will 
simply become a case of ‘‘horse trading’’ whereby the utility 
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representatives will ‘‘hope’’ to effect an agreement out of which 
they can make some money regardless of the benefits accruing 
to the customer, and the industrial has hopes along exactly 
similar lines. 

Needless to say agreements built on such a foundation will 
be terminated as soon as the party who is losing money recog- 
nizes the fact and can bring the agreement to an end. 

Interchanged energy can be of four different kinds, namely: 


(1) Firm power sold under regular contracts and available 
at any time up to the limits of the equipment or contract. 

(2) Surplus power available by reason of surplus generating 
capacity idle and awaiting growth of the system on which it is 
installed. 

(3) Dump power available from surplus by-product heat in 
the industrial system, which it is not practicable or economical 
to store or hold in reserve. 

(4) Emergency power available from either system to the 
other on short notice in order to meet sudden, unforeseen 
difficulties. 


Different values should be assigned to each of these, and the 
number of these values is doubled depending on whether or 
not the exchange is made during ‘‘on-peak’’ or ‘“‘off-peak’’ 
hours of the utility. 

Peak firm power should carry every item of cost that can be 
charged to it. This includes fixed charges, sales and executive 
costs, all operating costs, and losses. 

The utilities recognize the value of firm power sales secured 
in ‘‘off-peak’’ hours by placing a low energy charge of 4, 5, 
or 6 mills on all power sold at load factors above from 25 per 
cent to 40 per cent. Some utilities go further by removing 
power factor penalty clauses during off-peak hours or by allow- 
ing the customer to create demands much higher than their 


‘‘on-peak"’ demands, during off-peak hours without the in- 
creased bill that these high demands would normally require. 
Surplus power costs should omit many items that enter into 
the cost of firm power. Investments in equipment are already 
made and the complete organization is already set up and 
operating. Additional power under these conditions can be 
produced for very little over the increment fuel cost. 

Dump power from the industrial to the utility is of very low 
value. The utility must keep equipment operating and pre- 
pared to pick up the load carried by the dump power, the 
instant there is a failure in the industrial supply of by-product 
fuel. The maximum value that can legitimately be assigned 
to dump power is, therefore, the lowest ‘‘increment’’ or ‘‘out- 
of-pocket’’ cost of power to the utility, plus line losses to the 
point where the two systems are connected. The geographical 
location of the industrial with relation to the utility generating 
station is therefore of importance. The price of this kind of 
power should be based on consideration of these facts and should 
be protected by suitable coal-cost clauses. 

Emergency power values are subject to considerable negotia- 
tion as it is almost impossible to place values on this type of 
service. The costs of these various types of power can be seen 
readily by referring to Fig. 12. 

““On-peak"’ firm power costs are shown by the vertical height 
from the base to the line GH; ‘‘off-peak’’ firm power by the 
vertical height between the lines AB and GH; and surplus 
power costs by the slope of the line GH and should vary from 
approximately 11/, mills per kwhr with very low cost fuel, to 
31/2 mills or even 4 mills in small stations using higher priced 
fuel. 

Dump Power. In the case of dump power made from surplus 
by-product fuel which must be either converted into electric 
energy in an already operating station or discharged into the 
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atmosphere, the cost of this conversion is very small. By 
referring to Fig. 12 it will be seen that there is no change in 
the fixed charges and that all the constant costs are already 
being absorbed. If no other use can be found immediately 
for the surplus fuel its value to the industrial is zero. The 
only part of the costs which do increase is a very small part of 
the repairs, due to the increased load, a little of the water- 
treating costs for additional steam and a little more water 
pumping for the condenser, This increase in costs is represented 
by the slope of the line EF and in actual money would be ap- 
proximately 4/1) of one mill per kwhr. 

Analysis of an Interchange Agreement. On the cost basis set 
forth, an interchange agreement was worked out several years 
ago. This had for its fundamental concept an equal division 
of any economies that might result from the interchange be- 
tween the two parties to the agreement. 

Surplus and emergency power were worked out according 
to a schedule shown in Fig. 13. 

In this figure the vertical ordinate is ‘‘total cost in dollars’’ 
and the horizontal ordinate is ‘‘kwhr of energy.” 

The full lines show cost of power on the station bus bars to 
the industrial and the dotted lines show the cost of energy in 
various conditions according to the terms of the interchange 
rates. The entire figure is similar to the final steam diagram 
shown in Fig. 11(4). 

The lower line OA represents the utility increment cost of 
surplus power and includes increment station costs, line losses 
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to the interchange point, and some taxes that would result 
from the power sales. 

The next line ONB is the interchange rate based on 60-cycle, 
22,000-volt energy above which are two lines showing the un- 
avoidable conversion losses necessary to make the energy avail- 
able at 25 cycles, 6600 volts. 

The vertical line L to R at approximately 31/; million kwhr 
per month is the estimated point of average operation. It 
will be noticed that at this point the utility increment costs 
would be equivalent to the vertical heights LM. The utility 
selling price would be LN and the utility profit would be MN. 
The unavoidable losses would be NP and the industrial saving 
would be PQ. The last assumes that the industrial has avail- 
able by-product fuel which it dissipates rather than make the 
immediate investment necessary to convert this fuel into electric 
energy. 

The general surplus power rate was fixed at 4 mills per kwhr 
as indicated by the light line originating at O, the continuation 
of which forms the right end of the line OB. 

In order to handle emergency power sales and ‘‘on-peak’’ 
surplus power sales the original slope of this line from the 
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origin at O is made very steep. The slope and positions of the 
lines JN and KP were placed so as to make as nearly as possible 
an equal division of the resulting economies. 

This could not be accomplished through all loads. It is 
evident from a glance at the figure that the utility cost line 
OA will cross the industrial cost line EF and this crossing point 
is the limit to which cooperation can be carried without 
involving an economic loss. 

The EF cost line is used because the industrial already had 
available sufficient by-product fuel to produce the required 
energy. The fuel cost for the proposed unit was, therefore, 
considered to be zero. 

The equal division was further complicated by the unavoid- 
able conversion losses between the two systems which, as the 
figure shows, further reduced the point of profitable coopera- 
tion between the two companies. 

Where the steep slope originating at O intersected the line 
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JN the rate slope flattened out until a load was reached that 
made the average sale price of 4 mills. From this point on the 
surplus power rate remained at 4 mills. 

Surplus power agreements could be made and canceled by 
either party at any time it proved acceptable to the other party. 
If, however, any agreement was made for a long period, it was 
subject to cancelation on eighteen months’ notice. This 
period of time being agreed upon as sufficient to enable the 
purchasing party to either build his own power plant extension 
or make other provision to secure the power. The industrial 
power supply was always protected by reason of the fact that 
he could at any time make application to the utility for a 
a supply of power under the regular wholesale tariffs. The 
utility could not refuse the supply under these last conditions. 
Dump power from the industrial to the utility required only 
24 hours’ notice of the amount to be dumped in order to make 
it acceptable. 

Variations of 50 per cent above and below the estimated 
amounts were allowed. 

The purchaser was required to pay for at least 50 per cent of 
the contracted power for any given day and pay emergency 
rates for all over 150 per cent of the daily contracts both in 
demand and energy. 
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Engineers of both the utility and the industrial plants after 
careful study of the provisions of the agreement believed that 
it was sufficiently flexible to permit unrestricted interchange 
and yet be profitable to both parties to the agreement. 

There is one peculiar point in this agreement, however, to 
which attention should be called. 

Usually when two companies agree to do business together 
the greater the volume of business the greater the profits. A 
glance at Fig. 13 shows that the agreement is decidedly con- 
trary to this. 

It will be noticed that at about 51/2 million kwhr per month 
the industrial profit becomes zero and at all loads between 
11/2 million and 51/2 million kwhr the utility profit decreases. 

This seems to indicate that the right to interchange and to 
secure emergency service is a valuable asset even if no use of the 
service is made. It also tends to justify the much debated con- 
tention of the utility companies on their ‘‘ready-to-serve’’ 
charge. 

The Legal Aspect. There is one other very serious obstacle 
to interchange to which attention should be called, and that 
is the legal aspect. 

When the interchange agreement just described was com- 
pleted and in a form satisfactory to both engineers and at- 
torneys it was placed before the Public Service Commission for 
examination and suggestion. 

The Commission's engineers and rate men were very much 
interested and pleased with the manner in which the project 
had been handled. The proposed rates were closely examined 
and the unanimous opinion was expressed that so far as they 
could see there was nothing in either rate or agreement that 
was discriminatory or detrimental to the public interest, but 
right there the matter stopped. When asked what steps 
should be taken to get the Commission's formal approval be- 
fore large capital investments were made it was found that 
there were no steps. 

It was explained that the Commission could act only in case 
of a complaint. If such a complaint were made the Commis- 
sion would hold a hearing on the case and then, if nothing 
detrimental to the public interest was found and the complain- 
ant failed to show discrimination, the Commission would 
issue its approval. 

In the meantime a large investment, made in good faith by 
both parties to the agreement, would be seriously jeopardized. 

It is believed that serious thought should be given by legis- 
lative bodies to this phase of the subject if industrial develop- 
ment along economic lines is to be encouraged. 

Neither an industrial nor a utility would care to make 
investments ranging anywhere from $50,000 to $1,000,000 
for equipment which they would be liable to find useless on 
their hands because of unfavorable decisions that could in no 
manner be foreseen. 

In Conclusion. Agreements of the interchange type are of 
necessity subordinate to the main business objects of the 
participants and operate in what might be termed the edges or 
fringes of the field of industrial economics. Efforts to make 
economies in this field therefore require a broad knowledge of 
the elements which go to build up costs and an equally broad 
knowledge of economics. Any changes in operating methods 
must be carefully examined to avoid interference with the 
main business of the participants or with effective operations. 
It is hoped that some of the chief problems that will be en- 
countered in this field and methods for attacking their solution 
have been pointed out. 


Autxor's Closure 
It is very gratifying to review the thoughtful and thorough 


discussions presented by so many capable engineers. It is un- 
fortunate that the discussions indicate that we are still far 
from a meeting of minds which will result in a united coopera- 
tive effort along the line indicated in my paper. Evidently, 
individual experience leads to very different conclusions. Pro- 
fessor Christie agrees with my condemnation of the utilities’ 
sales campaign as forcefully as Mr. Dyckerhoff praises their 
cooperative attitude. 

Mr. Dreyfus, Mr. Dyckerhoff, Mr. Hirshfeld, Mr, Irwin, 
Mr. Muir, and Mr. Powell all emphasize the possible disad- 
vantages of cooperating with individual industrial plants. The 
reasons advanced are beyond dispute; a plant may suspend 
operations, change its load, its load factor, or its process. 
Many plants do all these things. Yet utilities find it profitable 
to sell electrical energy to them. The same diversity factor, 
statistical effect, and business stability can be obtained by 
numerous Cooperative or purchase agreements. The study of the 
individual case is no study of the whole problem. I urge re- 
gional surveys and experimental published purchase rates by 
utilities as the only proper approach. 

Mr. Dyckerhoff, Mr. Muir, and Mr. Orrok point out the 
commercial and technical difficulties existing by reason of the 
small capacity and great number of industrial plants. Each of 
the great majority of consumers has a one-kw demand and a 
minimum monthly bill of one dollar. With this in mind, it is 
difficult to believe that the economic and technical problems 
cannot be solved if we attempt to include in our systems indus- 
trial generating stations averaging 450 kw. The careful engi- 
neer will be content to say that the technique is not yet de- 
veloped. 

Mr. Hirshfeld presents impressive evidence against the super- 
ficial attractiveness of by-product electricity when he gives 
reasons why central-heating plants do not usually employ 
back-pressure turbines. I think the picture would be more com- 
plete and less conclusive if he had added these three: old 
franchises do not always permit electrical generation; the un- 
solved problem of allocating cost between exhaust steam and by- 
product electricity may bring the utility into an uncomfortable 
position before rate-supervising commissions; and only very 
recently has the art of feedwater treatment permitted the con- 
struction of extremely efficient high-pressure central-heating 
plants. 

In the first parc of his discussion, Mr. Irwin proves that sur- 
plus industrial energy is of no value to the utility. In the 
latter part he complains because he gets none from Deepwater 
Station. He gets very little because the contract price is so 
low that the industrial company has every reason to invent new 
uses for this energy and has no incentive for selling. Mr. Ir- 
win's statistics are correct but do not represent the actual steam 
and electric loads of the industrial plant. The industrial com- 
pany operates its own boilers and turbines from time to time to 
secure the lowest possible power cost. The terms of the Deep- 
water contract and fluctuations in oil and coal prices occasion- 
ally make such operation profitable. It is conceded that steam 
and electric loads are not synchronized. But I think Mr. Irwin 
will admit that the stability of the industrial load throughout 
the depression was better than that of his system load. It 
leads one to believe that supplying steam and electricity to an 
industrial plant does not make the utility business more hazard- 
ous. 

It is gratifying to hear from Messrs. Cather, Irwin, and 
Powell that new cooperative arrangements of some magnitude 
may be expected with an improvement in business. Such prog- 
ress should encourage us all to real cooperative effort in reduc- 
ing both utility and industrial-power cost. Mr. Hobbs shows 
us the true cooperative method of attack. 
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A New Method of Investigating Performance 
of Bearing Metals 


By JOHN R. CONNELLY,! BETHLEHEM, PA. 


Any method to be used to investigate the performance 
of bearing metals should reproduce wear under service 
conditions and in addition it should show variation in 
wear with unit pressure. Various methods have been 
proposed in the past, one of which involves an accelerated 
test using an abrasive between two surfaces rubbing 
across each other, and another utilizes two tangent cyl- 
inders rotating relatively to each other and making con- 
tact along their common element. The first method does 
not reproduce wear under service conditions, while the 
second results in a constant contact area so that in order 
to test a metal completely many runs must be made at 
various unit pressures. The new method described in 
this paper reproduces wear under service conditions and 
gives variation in rate of wear with unit pressure. 


HE essential elements of the new test are a specimen of 

bearing metal with one side machined to a plane surface 

and a steel cylinder rotating in a bath of lubricant (see 
Fig. 1). A constant force holds the specimen of bearing metal 
with its plane side tangent to the cylinder. 

As the cylinder rotates, a depression is worn in the specimen 
of bearing metal (see Fig. 2). With a constant force holding the 
surfaces together, this increase in contact area gives a decrease 
in unit pressure and the test continues until there is no measur- 
able increase in the depth of the depression. 

The characteristics of the new test are: 


(a) The conditions existing in an actual bearing are re- 
produced as to lubrication, metals used, physical 
proportions, and wear. Wear in the presence of a 
lubricant results from high unit pressures 

(b) The validity of the test data is independent of any 
assumption that data on abrasion are directly convert- 
ible to data on wear 

(c) The feature of varying area of contact gives rate of 
wear for a wide range of unit pressures. An investiga- 
tor using a test involving a constant area of specimen 
must necessarily make a great number of runs, each at 
a different unit pressure 

(d) The data obtained are directly usable for design pur- 


poses. 

1 Instructor, Dept. of Mechanical Engineering, Lehigh University. 
Jun. A.S.M.E. Mr. Connelly was graduated in 1927 with the degree 
of B.S. in mechanical engineering from the University of Illinois 
and received the degree of M.S. from the same institution in 1929. 
During 1927 and 1928 he was with the Illinois Power & Light Corpora- 
tion in the capacity of junior mechanical engineer and in 1929 as 
special research assistant for the Engineering Experiment Station at 
the University of Illinois. In the fall of 1929 Mr. Connelly joined 
the staff of Lehigh University and received the degree of M.A. in 
1934. 
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Annual Meeting, New York, N. Y., December 4 to 8, 1933, of Tum 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Norg: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


ANALYSIS OF A MACHINE BEARING 


No matter how careful and painstaking the manufacture and 
assembly of a sliding-contact bearing may be, it is practically im- 
possible to have the mating surfaces absolutely aligned so that 
the load shall be evenly distributed over the surface intended to 
carry it. As a result, the actual surface in contact is reduced so 
that high unit pressures exist at points on the surface. 

The first stage in the life of a sliding-contact bearing is a 
period during which the surface in contact wears away until a 
“fit” is obtained. That is, as the bearing metal wears, the area 
of surface in contact gradually increases. This permits the load 
to spread itself over a greater area with a reduction in unit 
pressure. Wear continues until the maximum unit pressure 
existing in the bearing is insufficient to rupture the oil film. 
Such a condition completes the first stage. The extent of the 
bearing area in actual contact and the corresponding unit pres- 
sure when wear ceases vary with the temperature and properties 
of the lubricant. 

The second stage in the life of a sliding-contact bearing con- 
sists of relative motion between surfaces separated by a lubri- 
cant. If this condition persists indefinitely, the only necessary 


Fie. 1 


quality of a bearing metal would be an ability to attract and 
retain lubricant on its surface. However, all bearings stop 
occasionally with consequent disturbance of lubrication equilib- 
rium and restarting results in wear. 


PRESENT DesIGN OF BEARINGS 


In this paper the term bearing metal shall apply to the part 
on which the major portion of wear is to take place. 

At present the design of bearings considers (a) mechanical 
strength of both journal and bearing, (b) heat dissipation, and 
(c) wear. 

An ideal bearing metal should (a) have sufficient mechanical 
strength to support the load without plastic deformation, (b) 
retain a lubricant on its surface, and (c) have a maximum re- 
sistance to wear without causing undue wear on the mating 
metal. 

At present, the consideration of wear is met by using a com- 
bination of unit working pressure and lubricant that past ex- 
perience has shown will not give excessive wear during continu- 
ous operation. Very little information is available on rate of 
wear during running-in or restarting. 


APPLICATION OF NEw METHOD 


The new method will furnish data that will make possible a 
far more accurate consideration of wear. This will be accom- 
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plished by giving values of ultimate bearing pressure for a 
lubricated bearing, and relative rate of wear during running-in 
and restarting. 

The depth of the worn volume and the revolutions of the 
cylinder are measured periodically. There may be computed 
from these readings the total travel of a point on the surface 
of the cylinder and the volume worn away and corresponding 
unit pressure. The equations to accomplish this are derived in 
the Appendix. 
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The curves of volume worn away and unit pressure against 
linear feet of travel are shown in Fig. 3. Wear ceases at A and 
any further running is to insure accuracy. To aid in com- 
paring the relative performance of various metals, the test in- 
formation may be simplified to one curve. This curve is obtained 
by plotting rate of wear against unit bearing pressure. To 
obtain the values of rate of wear we must measure worn volume 
per unit of travel for a variety of unit pressures. This work will 
be materially shortened if a mathematical expression can be 
found that will represent the data. The worn volume per unit 
of travel may then be obtained by taking the first derivative of 


the expression of worn volume with respect to travel or d volume/d 
travel. 

The curve showing rate of wear for a given metal will furnish 
information as to the behavior of that metal during running-in 
and restarting. The unit pressure at which wear ceases will be 
the ultimate pressure for the conditions of the test. The test 
information so obtained is of course applicable only to the same 
metals, lubricant, temperatures, ratio of length to diameter, and 
rubbing speed. With this more definite knowledge at his com- 
mand, the designer can select the most desirable combination of 
metals, ubricant, and physical proportions. 


DESCRIPTION OF EXPERIMENTAL TESTING MACHINE 


The mechanism, shown diagrammatically in Fig. 4, consists 
essentially of a rigid lever supported at the fulcrum and carrying 
the test block which in turn bears on the cylinder. This ar- 
rangement permits motion of the block of bearing metal only in 
a circle about the fulcrum as a center. The angle moved through 
is so small that for all practical purposes the block of bearing 
metal may be said to have straight-line motion. 

In designing and constructing the lever care was exercised to 
meet the several limitations imposed. The fulcrum of the lever 


Fig. 5 EXPERIMENTAL TESTING MACHINE 


was placed in a horizontal plane tangent to the top of the test 
cylinder so that the moment of the friction force would not be a 
disturbing element. A fulcrum consisting of hardened steel 
points working in conical recesses was employed so that the lever 
would not move in any way except about its own fulcrum. A 
counterbalance was provided to prevent any pressure between 
the test pieces due to the weight of any of the parts. A cali- 
brated weight was hung from steel points on the lever to supply 
the definite known pressure between the cylinder and the block 
of bearing metal. The block of bearing metal was clamped 
securely to a holder plate which is in turn bolted to the lever 
with provision for adjustment in any direction between the holder 
plate and the lever. Fig. 5 shows a photograph of the machine 
as set up. 

The lever serves the further purpose of magnifying the depth 
of worn volume, thereby improving the accuracy of reading. 
Various methods have been used to measure the movement 
of the lever as wear progressed. A 0.0001l-in. Ames dial 
gage was found valuable for studying the early stages when 
the lever movement is relatively fast. For a complete test, 
however, a 0.0001-in. micrometer screw in conjunction with 
a telephone head set or a grid-glow tube is a desirable com- 
bination. 

The cylinder as used in this experimental machine consists of a 
length of '/,-in. steel rod rigidly supported by two brass sleeve 
bearings mounted on the same heavy cast-iron base used for the 
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lever fulcrum support. One end of the steel rod was connected 
through a flexible coupling to a '/,hp, 1750-rpm, ball-bearing 
motor. The other end of the steel rod, which constitutes the 
test cylinder or test journal proper, was prepared by grinding 
to as near a true right circular cylinder as is easily possible. The 
maximum variation in diameter at any cross-section was of the 
order of 0.0001 in. 

To lubricate the test pieces a small metal box kept full of oil 
at a constant level was so placed that the test journal, which 
enters it through a felt packing, and the bearing block are 
completely flooded with oil. A gear pump was provided to re- 
circulate the oil continually. 

The temperature of the lubricant supplied to the bearing is 
measured by means of a copper-constantan therthocouple in- 


VOLUME- CU IN 
UNIT PRESSURE -PSI 
- VOLUME WORN AWAY 
8 
4 
UNIT PRESSURE 


400 800 1200, 9/600 2000 2400 2800 
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Fie. 6(a) Test Curves or WorN VOLUME AND UNIT Pressure Vs. 
Feet or TRAVEL 
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Fie. 6(6) Portion or Test Curves ENLARGED 
(Curves of Fig. 6(a) from 0 to 800,000 ft.] 


stalled in a glass tube filled with oil. The tube rests in the box 
of lubricant; the glass tube electrically insulates the thermo- 
couple from its metal surroundings. 

The temperature of the block of bearing metal is measured by 
means of copper and a constantan wire, each peened into opposite 
faces of the block near the test surface. In order to reduce to a 


minimum the dissipation of heat from the block, asbestos paper 
was placed between the block and its support. 

The rpm of the cylinder is obtained by measuring the slip of 
the motor, using a mark on the shaft and a neon lamp. 


ILLUSTRATIVE TEST 


The following example will illustrate the use of the results 
obtained by this new method of testing. 

A specimen of bearing metal is clamped in the holder described 
and adjusted tangent to the test journal with the aid of Prussian 
blue. It is not absolutely necessary that the bearing metal be 
exactly tangent to the cylinder provided it is approximately so. 
The projected area is measured at the completion of a run and 
if the bearing metal were not quite tangent at the beginning the 
projected area of the worn volume would be a trapezoid rather 
than a rectangle. 

The time is recorded as the machine is started. At present 
no attempt is made to read the lever deflection at starting. 
When the load weight is first applied, conditions will be very un- 
stable, probably due to a slight amount of plastic deformation. 
About 30 seconds after starting it is possible to obtain readings 
of lever deflections and these are recorded throughout the test. 
To furnish an idea of the length of a run it may be stated that the 
total time varies from two weeks to a month of continuous opera- 
tion. During this period a point oa the surface of the cylinder 
travels a distance of the order of 3,000,000 ft. After the test 
is complete the lever deflection readings are corrected to agree 
with the projected area of worn volume obtained by measure- 
ment. Other readings taken are rpm of cylinder, temperature 
of bearing metal, temperature of lubricant, temperature of the 
room, and power consumed by the driving motor. 

The tabular values of data and results appear in the Appendix. 
Curves of total feet of travel as abscissas and unit pressure and 
total volume worn away as ordinates are shown in Fig. 6(a). 
The general shape of the curves shows quite definitely that a 
discontinuity occurs at about 800,000 ft of travel. Beyond this 
point wear takes place at a greatly reduced rate. After about 
2,000,000 ft of travel, wear seems to cease altogether even though 
the run was continued to about 2,700,000 ft of travel. The 
ready location of these different phases of wear is an advantage 
of this type of test. 

The curve of worn volume from 800,000 ft of travel on to 
1,800,000 ft of travel seems to be a straight line. The part of the 
volume curve from 0 to 800,000 ft of travel is drawn to an en- 
larged scale on Fig. 6(b). After some experimentation with a 
log curve, a parabola, and an ellipse, the ellipse was selected as 
the curve most closely representing the data. The ellipse selected 
was of the form 


y? = B*/A*(2Az — 


where y = volume worn away in cu in. 
zx = travel in feet 
B = the semi minor axis = 0.00001840 in. 
A = the semi major axis = 2,280,000 ft travel 


Substituting 


0.0000184? 
volume 2,280,008 (2 X 2,280,000 X travel — travel*) 
As outlined earlier in this paper the slope of this volume curve 
at any point represents rate of wear. The first derivative of the 
ellipse is 
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d(volume) 0.000018402 2,280,000 — travel 
d(travel) 2,280,000? 


This derived curve, evaluated for ten increments of travel 
from 100,000 ft of travel on, gives Fig. 7. 

This curve of d(volume)/d(travel) plotted against the cor- 
responding unit pressures graphically portrays the relation be- 
tween rate of wear and bearing pressure for this particular metal 
under the conditions of the test. 

The point at which wear ceases is simply determined by the 
pressure curve Fig. 6(a) dropping to a value where an oil film 
may be maintained. This value may be appropriately called 


volume 


RATE OF WEAR 


CUIN PER FT. 
| FEET 
20 
| Wa 
| 
800,00 FEET 
2,000,000 FEET 
600 700 800 
UNIT PRESSURE - LB. PER SQ. IN 
Fic. 7 Rate or Wear Vs. Unit Pressure (a) 
[Derived from curves of Fig. 6(a); see Table 2, 
Appendix. 


the ultimate bearing pressure and used for design with a factor 
of safety. 

The pressure at which an oil film may be maintained seems to 
be affected by a number of variables among which are: the 
lubricant, the temperature of the lubricant, and the ratio L/d. 
The bearing metal is subject to at least two known variations: 
that of composition and that of crystal size which is dependent 
upon conditions of casting and cooling. 

Fig. 8 shows two photomicrographs of the bearing-metal sur- 
face; (a) before the test and (6) after. The metal surface after 
the test was completed shows definitely that the crystal structure 
is that of a bearing in service. It is anticipated that the wear 
qualities of a metal will be influenced by the size and distribution 
of the supporting crystal. 


GENERAL UsE or TEst 


There are several problems connected with the use of bearing 
metals concerning which much needed information may be ob- 
tained by the test described: 


(a) The allowable working pressure can be determined by 
the ultimate bearing pressure in conjunction with a 
factor of safety 

(6) The amount of wear during starting of an actual bear- 
ing will be indicated by the relative position of the rate- 
of-wear curve 

(c) Interrelation of the variables, for example the opti- 
mum L/d ratio, may vary with both the lubricant and 
the bearing metal. 


Before Testing (b) 


The intended type of service for a given bearing will determine 
the relative emphasis to be placed on items a and b during design. 

In order to obtain the data on which to base these selections, 
each one of the variables must be investigated separately. 

The field of investigation into the performance of bearing 
metals, to which this method may be applied particularly, is 
broadly divided into three phases: 


1. Using a certain bearing metal as a standard of com- 
parison, the wear-reducing properties of various lubri- 
cants may be determined, together with the effect of 
variation in viscosity of a given lubricant 

2. Using a certain lubricant as a standard of comparison, 
the effect of composition, crystal size, and physical 
proportions may be investigated 

3. Using the representative lubricants and the representa- 
tive metals, the interrelation of the variables may be 
determined. 


After Testing 


Fig. 8 PHoTomMIcROGRAPHS OF BEARING-MBETAL SURFACE 


Appendix 


The mathematical relationships (a) between the variable of 
projected area and readings taken during a test, and (b) between 
volume worn away and readings taken during a test are derived 
as follows. The use of these expressions considerably reduces 
the labor of working up results from data obtained. 


Let Pz = any position of the face of the block 
n= CD (Fig. 9), the diametral travel of Ps from its 
original tangent position 


A— Jp 


Fie. 9 
= AB (Fig. 9) the width of worn volume 
the dimension of worn volume along the axis of the 
cylinder 
the diameter of the cylinder 
the volume worn away. 
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(a) Find w in terms of n and d. The work of calculating the results of any test is very simple, 
_ 7 2)"/s requiring only a graph of K; and K; plotted against the ratio of 
w = 2AD = 2And—n)”............. [1] n/d for values of n/d from 0 to 0.5. Such a set of curves is 
shown in Fig. 10. The curve for K, is the are of a circle thus 
giving a check on the accuracy of those computations. 


2]'/2 


where 04 


2)'/2 


and the projected area 


Rearranging 


(b) Find v in terms of n and d. 0.1 
v = Lx (the area of the segment ABCD) eee) e 
Substituting 0 
27]'/2 
n n n AND VOLUME COEFFICIENTS 
v = Ld? § are sin2 | - — | - — | 1/,—- 
d d d 
ay, Starting with the test data consisting of values of n for various 
2 
n n \ 6] times during the test, the values of K; and K; may be read off 
d d f ssssss-- ll the chart and substituted in the appropriate equations. The 
resulting values of area and worn volume may then be used as 
and letting indicated in the paper. 
n n\? n 
K, = 1/, are sin — (| - TABLE DATA FOR RATE OF WEAR CURVE, FIG. 7 
d d d Travel, Volume, Unit pres., Slope, 
ft cuin. X 105 Ib/in.? in.*/ft x 10% 
n\? |! 100,000 0.539 830 26.4 
2 [7] 200,000 0.753 735 18.0 
d d 300,000 0.913 690 14.1 
400,000 1.040 660 11.8 
the worn volume 500,000 1.145 638 10.1 
2 .8 
v = Ld*Ky. : 1.395 06.9 
TABLE 1 DATA AND RESULT SHEET 
Test of B metal 
Average rpm = 1759; L = 0.375 in.; d = 0.492 in.; Bearing load 10.78 Ib 
B M 
A Deflection Cc D E F G H J Travel, N P 
Time 108 n X 10* (n/d) X 10 Ki X 100 w X 100 X 100 p, lb/in.? P, 1000 (Ib/ft?) 1000 ft Ki X 105 2, 106 
0.017 0.25 0.73 1.49 1.220 1.20 0.45 2390 344.0 0.23 0.28 0.25 
0.033 0.40 1.18 2.40 1.575 1.55 0.58 1855 267. 0.46 0.53 0.48 
0.100 0.70 2.08 4.24 2.075 2.04 0.76 1410 203.0 1.38 1.16 1.05 
0.167 0.90 2.65 5.39 2.325 2.29 0.86 1250 180.0 2.30 1.64 1.49 
0.283 1.05 3.09 6.29 2.485 2.46 0.92 1170 168.0 3.91 2.00 1.81 
0.533 1.10 3.24 6.60 2.515 2.48 0.93 1160 167.0 7.35 2.10 1.90 
3.500 1.40 4.12 8.36 2.865 2.82 1.06 1015 146.0 48.3 3.00 2.71 
7.633 2.25 6.62 13.40 3.655 3.51 1.32 816 118.0 105.5 6.20 5.61 
11.416 2.45 7.22 14.70 3.825 3.76 1.41 764 110.0 158.0 7.36 6.67 
24. 3.20 9.42 19.20 4.360 4.29 1.61 669 2 331.0 11.20 10.20 
29.10 3.25 9.51 19.50 4.410 4.34 1.63 660 95.0 403.0 11.50 10.40 
51.13 3.85 11.30 23.00 4.790 4.71 Rvee 610 86.6 705.0 14.64 13.20 
55.40 3.95 11.60 23.60 4.850 4.77 1.79 602 86.6 764.0 15.10 13.70 
71.08 4.00 11.70 23.80 4.890 4.81 Be 597 86.0 980.0 15.50 14.00 
96.11 4.00 11.70 23. 4.890 4.81 1.80 597 86.0 1330.0 15.50 14.00 
105.5 4.15 12.20 24.80 4.980 4.89 3: 588 84.6 1458.0 16.40 14.80 
120.3 4.20 12.30 25. 5.010 4.94 1.85 582 83.7 1695.0 16.50 14.90 
143.5 4.25 12. 25.40 5.050 4.98 1.87 575 82.6 1980.0 16. 15.30 
68.2 4.25 12.50 25.40 5.050 4.98 1.87 575 82.6 2320.0 16.90 15.30 
192.3 4.25 12.50 25.40 5.050 4.98 1.87 575 82.6 2655.0 16.90 15.30 
EXPLANATION OF ITEMS IN TABLE 1 
Col. Explanation 
Col, Explanation 
492 h 
A Time ela i M 0.492 X 60 (hr elapsed) 
eflection measu! at end of lever 
x . Since the rpm of the motor was constant within the limits of ex- 
5 oe 7 (0402 5.41 being the constant for lover used perimental error the total travel of a point on the surface of the 
E Read from chart of Ki vs. (n/d), Fig. 10 test cylinder is directly proportional to the time elapsed so that 
F w = : ““M” follows directly from Col. 
was N Read from chart of Ks vs. (n/d) 
H 10.78 Ib/Col. G 
J Col. H X 144 
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Classification of Drying, Including Graphical 
Analysis of Air Drying as Developed Abroad 


By A. WEISSELBERG,' JERSEY CITY, N. J., CHAS. W. THOMAS,? NEW YORK, N. Y., AND 
T. R. OLIVE,’ NEW YORK, N. Y. 


In order that the art of drying, or in other words the 
process of removing liquid from a mixture, may become a 
field of true engineering endeavor, it must be freed from 
the existing confusion with regard to classification and 
terms, and the analytical approach to the problem must 
be facilitated. 

In this paper the authors classify the liquids as to kind, 
nature, and state, enumerate the means available for 
their removal, and discuss briefly the limitations of the 
various drying methods with regard to the material being 
processed and the results obtained. 

A graphical method of analyzing air drying, the most 
widely used drying process, is described by the authors, and 
by means of this analysis, terms which are now confusing 
are defined and factors governing the performance of dry- 
ing equipment are explained. 


RYING is usually defined as the partial or complete 
removal of evaporable liquids from a mixture of the 
liquid with solids, other liquids, or gases. To be more 
specific, the definition should include the words “by thermal 
means,” i.e., by supplying or removing heat. Thus we differen- 
tiate it from the other category of moisture removal, wherein 
this end is accomplished by mechanical means and is commonly 


1 Consulting Mechanical Engineer. Jun. A.S.M.E. Mr. Weissel- 
berg received his engineering diploma from the Technical University 
of Vienna, Austria. He came to the United States in 1923 and, after 
a diversified practise in various engineering fields, established himself 
in 1930 as a consulting engineer. He is the author of a number of 
articles published in recent years on the subject of air-conditioning 
and drying and has modified and introduced in this country the 
Mollier water-air mixture chart reproduced in this paper. 

? Consulting Engineer. Mem. A.S.M.E. Mr. Thomas was gradu- 
ated from the Stevens Institute of Technology with the degree of 
mechanical engineer in 1884 and after graduation became assistant 
superintendent of the Dixon Pencil Works, Jersey City, N. J. He 
has had a wide experience in the development, design, and construc- 
tion of machinery for inventors and has lectured in machine design 
at the Newark Evening Technical School and at Columbia Uni- 
versity. Mr. Thomas retired recently from the staff of the university 
as professor of machine design and has entered into consulting practise, 
specializing in the dehydration of food products. He is chairman 
of the Drying Committee of the Process Division, A.S.M.E. 

* Associate Editor, Chemical and Metallurgical Engineering. Jun. 
A.3.M.E. Mr. Olive was graduated in 1923 with the degree of A.B. 
from Harvard University, where he specialized in the field of en- 
gineering sciences, with special reference to mechanical and chemi- 
cal engineering. After graduation he spent a number of years in 
the employ of several chemical companies, including the National 
Aniline & Chemical Co. and the DuPont Rayon Co. Since 1927 he 
has been a member of the editorial staff of Chemical & Metallurgical 
Engineering, of which he is now associate editor. He is the author 
of numerous articles on various phases of chemical engineering, co- 
author of the chapter on process control in Perry’s Chemical Engi- 
neers’ Handbook, and secretary of the Process Industries Division, 
A.S.M.E. 

Contributed by the Process Industries Division and presented at 
the Metropolitan Section Meeting, New York, N. Y., October 18, 
1932, of Tam Amprican Society oF MECHANICAL ENGINEERS. 

Nots: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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designated as dehydration. Desiccation has been suggested as 
an appropriate technical term that would embrace both methods 
of moisture removal. 


Kinp, NATURE, AND STATE OF LiIQuID 


As to liquids, we distinguish between two groups: (a) pure 
liquids, and (6) solutions. Pure liquids are classified as (al) 
water and (a2) liquids other than water, commonly known as 
solvents. Liquids which undergo a change in state by chemical 
action do not belong here, even though the term “drying’’ is 
applied to the process which accomplishes this change in state. 
Oils which harden by oxidation exemplify such liquids, and the 
use of the term “drying” in this case is altogether out of place. 

Solutions are either (b1) crystalloidal or (62) colloidal. The 
former are readily diffusible and are also characterized uy the 
fact that, at the same temperature, their vapor pressures are 
lower than those of the pure liquids of which they are composed. 
Colloidal solutions, on the other hand, diffuse with difficulty, 
but their vapor pressures are hardly affected by the presence of 
the colloids. The difference in these properties will, obviously, 
influence the removal of moisture, as will later be seen. 

It is assumed that when we dry or dehydrate, the state of the 
material from which the liquid is removed does not change, or, 
in other words, we deal with the removal of free moisture as 
distinguished from the moisture of crystallization and that of 
decrepitation. The last is really free moisture mechanically 
entrapped within certain crystals. Its removal precludes the 
retention of the crystal form and the crackling noise by which 
the removal is accompanied warns of the approaching danger 
of complete disintegration into powder form into which the 
crystals fall when the moisture of crystallization is driven out. 
The removal of the moisture of crystallization is called calcina- 
tion and is beyond the scope of this paper. 

The free moisture with which we are concerned may be found 
present in one of the following four states: surface moisture, 
capillary moisture, cellular moisture, and as vapor. 


Means of REMovING MoIsTuRE 


Evidently, removal of moisture by mechanical means is con- 
fined to extraction of moisture without changing the state of the 
moisture, since any change of state implies that heat must be 
supplied or removed. This limits dehydration to surface and 
capillary moisture, while moisture in any of the four states 
mentioned may be removed by drying. Thus arises the question 
as to when one method should be used in preference to the other 
as far as the removal of surface or capillary moisture is concerned. 
Aside from the fact that the removal of large percentages of 
moisture is always accomplished with greater efficiency by 
dehydration, the choice of the method may also be governed by 
the desired result. Thus, if the liquid carries salts in solution, 
the presence of which is undesirable in the final product, de- 
hydration to the lowest possible moisture content must be re- 
sorted to. On the other hand, just the opposite result may be 
desired, since, for instance, the salts in solution may have a 
nutritive value, in which case preference will be given to drying. 
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Thus, either method may be used alone, or both in combination, 
depending upon the end to be accomplished. A knowledge of 
both methods is required, therefore, when the problem of mois- 
ture removal is to be dealt with. 

Dehydration is accomplished by subjecting the mixture to 
pressure and providing a resistance for the retention of one of 
the ingredients. In this operation we differentiate between 
(a) pressure applied directly, compressing the mixture to a smaller 
volume, as in pressing or squeezing, and (b) pressure applied 
indirectly, without compressing the mixture to a smaller volume, 


MOISTURE 
Moisture of Free Moisture. of 
Crystallization Mois ture Decrepitation 
Solution Pure L iquid 
Crystalloia Colloid Water Solvents 
Liquid ante Vapor State 
Surface Capi Wary Cellular 
Moisture Moisture Mo/sture 
| 
DESICCATION 
Dehydration Drying 
Pressure Pressure Heat Supplied or Heat Supplied or 
Hy Removed Removed Indirect/y 
Pressing 
Vacuum Extracting 
weezin Orying with Gas 
Contact Vacuum Drying ing with Superheated Vapor 
baffling (Gas) Surface Condensation 


Transpi ‘tat on A 


rpt 
Absorption 
| Spray Condensation)S 


Fig. 1 Removat or Moisture From Arr or Gas 


as in filtering, vacuum extracting, centrifuging, pressure extract- 
ing, and baffling, the latter applying to gases. 

As already stated, drying deals with the removal of moisture 
by thermal means. Heat is supplied or removed in order to 
change the liquid from one state to another, thus accomplishing 


separation. If the moisture is in vapor state, as is the case in 
drying a gas, the vapor must be reduced to the liquid state by 
removing the latent heat of vaporization. The reverse is true 
if the original state of the moisture was liquid. 

With respect to the manner in which the heat is applied, we 
distinguish between (a) heat supplied or removed directly by a 
medium other than the one carrying the moisture away (contact 
drying), and (b) heat supplied or removed indirectly by the same 
medium which carries the moisture away (air drying). 

With method (a) of applying heat, if the moisture must be 
removed at low temperature, or quickly, or without exposure to 
the oxidizing action of the atmosphere, vacuum drying will be 
resorted to as distinguished from atmospheric drying in which 
the vapors are discharged into the surrounding atmosphere. In 
this category there also belongs the drying of a gas by con- 
densing the vapors by passing the gas over cooled surfaces. 

With method (b) of applying heat the use of air as a drying 
medium is the most common practise. If the product to be 
dried is subject to oxidation, an inert gas or products of com- 
bustion will be used instead of air. The ability of superheated 
steam to evaporate moisture also falls into this group. On the 
face of it, its use in connection with drying at high temperatures 
(above 212 F) looks rather advantageous from the point of view 
of thermal efficiency. Actually, the efficiency would not be 
higher than with air drying at sufficiently high temperatures and 
saturation, inasmuch as, with the approach of the boiling tem- 
perature, the heat consumed in heating the air becomes negligible. 
On the other hand, the power consumption would be materially 
greater with superheated-steam drying, since a greater volume 
would have to be moved per pound of moisture removed than 
with air drying. This, together with other difficulties which 
this practise involves, makes the use of superheated steam for 
drying of little practical value, except when other conditions call 
for it. 

The removal of vapor moisture from air or gas by indirect 
removal of heat may be accomplished by absorption through 
chemical reagents or by adsorption through adsorbent materials, 
by transpiration through hygroscopic fibrous material, or by pre- 
cipitation through spray condensation. Fig. 1 shows this at- 


TABLE 1 FACTORS WHICH INFLUENCE DRYING CONDITIONS AND THEIR LIMITATIONS 


Factors 


Physical 
Optimum for maximum strength. 


Chemical 
Final moisture 


Not too low to avoid discolora- 


Limitations 


Market Requirements 
Low to lower freight cost. 


Biological 


Below hygroscopic point if 


content. Not too low if soaking ability be tion. : —, of bacteria be pre- Not lower than regain at average 
not destroyed. Low if by reabsorption of mois- ven air condition. 

Low if grindability is a factor. ture product will melt. 1/4 of hygroscopic point if 
powdered or granular, as 
these tend to pack in storage. 

Very low if bitter aromatics 
must be driven out. 
Temperature. Low if strength is affected. Low if danger of disintegration. Low if vitamin A and C should High to improve taste by pro- 
Low if there is danger of melting. Low if danger of decomposing retain duction of desirable aromas. 
Low if change in shape is ob- acids. Hi if germs or bacteria be 
jectionable. Low if danger of chemical dis- ll 
coloration. 
Low if coagulation of albumen 
is to be avoided retain 
Low if sublimation of valuable 
volatiles be prevented. 
Drying time. Short if soaking ability be igs. Short if the damaging effect of Short if damaging effect of high Long if desired uniformity is 


Long if there is da 
tortion, 
cracking. 


er of dis- high 


case - hardening, above is to be offset. 


Drying medium. Cleaned if impurities in drying 
= medium damage the surface of 
the dried product. 


of oxidation. 


Handling. Careful to prevent objectionable 
physical damage. terials 
Without tension to prevent j 
objectionable lowering of 


not allowing for 


nation. 


temperatures as listed 


Non-oxidizing if there is danger 


Preventing contact with ma- 
als that would cause ob- 
jectionable chemical contami- 


temperature on vitamins be 
offset. 

Short to prevent growth of 
bacteria if present. 

Short to conserve aromatic oils 


not otherwise obtainable. 


if present. 
motion of destruction of vita- 
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Cleansed and filtered if danger 
of contamination from bac- 
teria in air. 
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tempted classification in chart form. Obviously it cannot claim 
perfection and criticism is invited. 

It appears desirable to carry the classification further to the 
factors which influence the drying conditions with respect to 
certain limiting requirements. These factors are: (1) final 
moisture content, (2) temperature, (3) drying time, (4) drying 
medium, and (5) the way the product is being handled in the 
course of moisture removal. The limitations which may have 
to be considered in connection with these factors may be grouped 
as follows: (a) physical limitations, (b) chemical limitations, 
(c) biological limitations, and (d) marketing-requirements limita- 
tions. This classification will cover almost any condition that 
may have to be considered as shown in Table 1, for which com- 
pleteness cannot be claimed. 


DEFINITIONS OF TERMS 


It is of greater importance, however, to discuss the definitions 
of the principal terms used in connection with drying, about 
some of which there seems to exist considerable confusion. 
These are as follows: 

Moisture Content. The desirability of expressing the moisture 
content in per cent by weight of the dry material is often still 
not fully realized. Moisture contents are still very often given 
on a wet basis and sometimes the basis is not given at all. Ex- 
pressed on a dry basis a change in percentage tells directly the 
change in moisture by weight per pound of dry material. It may 
be well, however, to use a shorter expression such as “dry-basis 
moisture”’ instead of “moisture content on a dry basis.”’ 

Capacity. If M designates the quantity of dry material 
expressed in any unit of measure (lb, yd, etc.) that the drying 
equipment holds at one time, and +r the time the material must 
remain in the drier to dry to the required moisture content, 
then M/r is the “production capacity’ per unit length of time. 
M is the holding capacity, and + the drying time. For any one 
drier, the holding capacity is the same, but the drying time will 
vary in accordance with a number of factors. 

Drying Time. If w represents the drying rate in pound of 
moisture removed per square foot of total drying area of material 
A per hour and ¥,, Y2, the initial and final ‘‘dry-basis moisture” of 
the material, respectively, then the drying time +r equals 
M (Y; — Y,). 

wA 
rate. As long as the wet product still has surface moisture, one 
may expect that the rate of removal of moisture will not differ 
from that of the evaporation of a film of liquid. The drying 
rate accordingly will be equal to the rate of evaporation. After 
the surface moisture is gone, however, the capillary moisture 
will begin to diffuse to the surface and two different causes become 
possible. 

In the first, the possible diffusion rate per unit area is at first 
greater than the rate of evaporation for the same area. Then 
we can assume that the moisture will overflow the end of the 
capillaries at the surface and keep the surface partially or totally 
wet, depending upon the nature of the surface and the nature 
of the liquid. The drying rate will remain the same, or drop, 
according to the extent of wet-surface reduction. This will 
continue until the diffusion rate per unit area of total surface 
becomes equal to the drying rate or, in other words, until the 
diffusion rate per unit area of wet surface equals the evaporation 
rate. Sherwood! calls the period during which the rate of diffu- 


i.e., it is inversely proportional to the drying 


4 “Fundamentals of Drying Methods,” by C. W. Thomas and A. 
Weisselberg, presented at the 1933 Annual Meeting of the A.S.M.E. 
This paper covered definitions of terms employed in classifying drying 
methods and equipment. 

’“The Drying of Solids,” by T. K. Sherwood, Ind. Eng. Chem., 
vol. 21, 1929, p. 12 and p. 976, also vol. 22, 1930, p. 132. 
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sion exceeds the rate of evaporation the zone of unsaturated sur- 
face drying, assuming that during this period the amount of wet 
surface gradually becomes less, which does not necessarily hold 
true for all cases. When the rate of diffusion falls below the 
rate of evaporation for the same unit area, the diffusion rate 
alone controls the rate of drying. 

As a second case the diffusion rate per unit evaporation area 
is lower than the evaporation rate. The surface will then dry 
out unless the drying conditions are changed in such a manner 
as to make the evaporation rate equal to the diffusion rate. In 
other words, the drying rate must be equal to or lower than the 
diffusion rate. 

Suppose that the drying conditions are so maintained that the 
evaporation rate per unit of wet area is greater than the diffusion 
rate for the same area. Then the surface will dry and the plane 
of evaporation will retreat somewhat from the surface. With 
the same drying conditions the rate of evaporation in this plane 
will be lower because of the much increased resistance to heat 
transfer through the dry layer. On the other hand, the rate 
of diffusion for this plane is greater than for the surface. Hence, 
the plane of evaporation would not have to retreat very far 
before subsequent stages of equilibrium are reached. The 
result, however, will be the undesirable condition of a dried 
surface enveloping the wet interior and a considerable drop in 
drying rate. In general, then, depending upon the initial and 
final moisture content, the average drying rate and, in turn, 
the drying time will be a function of either the evaporation 
rate or the diffusion rate, or both. 

Evaporation. Evaporation is essentially a heat-consuming 
process. In terms of sensible heat transfer, the rate of evapora- 
tion in pounds of moisture per square foot per hour is expressed 


U(te — tr) 


by the general equation ——— ha in which U stands for the over- 


all heat-transfer coefficient in Btu per square foot per hour per 
degree F, (ta — &) for the temperature difference between heating 
medium and liquid to be evaporated, and (he — hi) for the differ- 
ence in heat content between vapor and liquid, i.e., the latent 
heat of vaporization. 

We may also express the rate of evaporation in terms of vapor 


— pe) . 


heat transfer, by the equation in which L, the vapor, 


heat-transfer coefficient, stands for Btu in the vapor diffused per 
inch of mercury per square foot per hour and p and pe the vapor 
pressure of the liquid at temperature t and the partial pressure of 


the vapor, respectively. Substituting K for i> the evapora- 
tion rate can also be set equal to K(p: — pe), K being the mass 
transfer coefficient in pounds per square foot per hour per inch of 
mercury pressure difference. 

Another way of expressing the rate of evaporation in case the 
heat for evaporation is supplied only by the air was introduced 
by Lewis® under the assumption that U(ts — ) = r(X.— Xa)k’, 
r being the latent heat of vaporization at wet-bulb temperature, 
X, and Xa, respectively, the absolute humidities at saturation 
and of the air, and k’, a coefficient of vapor diffusion in pounds of 
moisture per square foot per hour per unit absolute humidity 
difference. On this assumption k’ = U/s, s being the specific 
heat of the humid air (defined by Grosvenor as humid heat) 
since (X.,— Xa)r = s(te — &). However Schmidt? has shown 


U 
that k’ = ye x =, wherein « stands for the mass diffusivity con- 
Qa 
stant and a for the thermal diffusivity. For evaporation of water 
6 “Evaporation of a Liquid Into a Gas,” by W. K. Lewis, Trans. 


A.S.M.E., vol. 44, 1922, p. 325. 
7 Chemische Fabrik, vol. 29, 1929, p. 527. 
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into air x/a@ was determined at 1.09, which is close enough to 
unity to make the Lewis formula usable for practical purposes. 
We see, therefore, that we may express the rate of evaporation 
in four different ways. Values for all four coefficients, U, K, L, 
and k’, are available from a great deal of experimental data. Re- 
sults with values for still air check fairly well. For moving air, 
the values given as functions of velocity and turbulence lead in 
many instances to quite different answers. 

If the heat for evaporation is derived only from the air the 
liquid assumes the wet-bulb temperature ts. The rate of evapo- 
ration is therefore proportional to the temperature difference 
(ta — ts) termed the wet-bulb depression. According to the 
foregoing it is also proportional to the partial pressure difference 
(pe — pa), ps being the vapor pressure at saturation corre- 


10 20 30 40 50 60 70 
Lb HzO per Lb Dry Material 


Fie. 2 Rea@arn Curves FoR VARIOUS MATERIALS 


sponding to the wet-bulb temperature. The term drying po- 
tential for (ps — pa) is quite appropriate because it signifies the 
drying potentiality of the air. In contact drying with the heat 
for evaporation supplied from an outside source, the heat may 
be supplied at such a rate that t: exceeds the boiling point of the 
liquid, i.e., the temperature at which the vapor pressure is equal 
to the total pressure p of the air above the liquid. In this case, 
the evaporation rate depends on the overall heat-transfer rate 
from heating medium to liquid and the available temperature 
drop. However, if the temperature of the liquid is lower than 
the boiling point the rate of evaporation will be controlled by the 
rate of diffusion of the vapor into the surrounding medium at the 
existing pressure drop (p: — pv). Unless the rate of heat 
flow from heating medium to liquid is checked to suit the rate of 
diffusion, the temperature of the liquid will rise to a level at which 
equilibrium exists. 

In connection with evaporation, there still remains to be dis- 
cussed the hygroscopic moisture and its evaporation. In the 
beginning it was mentioned that the vapor pressure of crystal- 
loidal solutions is lower than the vapor pressure of the pure 
liquid at the same temperature. As an extreme example, a 
saturated soda-ash solution boils at 572 F. This corresponds to 
a pressure of 1227 lb per sq in. Most organic materials contain, 
in their cells, both crystalloidal and colloidal solutions. As the 
moisture content decreases, the concentration of these solutions 
increases, especially that of the crystalloid solution, since, as 
stated, it diffuses readily. With the increase in concentration a 
point is reached when the vapor pressure becomes sensibly af- 
fected. This is called the hygroscopic point. If p, denotes the 
reduced pressure and p the pressure of the pure liquid at the 
same temperature, then p,/p will decrease as the moisture con- 


tent decreases. This relation for various materials is shown in 
Fig. 2. Substituting the reduced pressure, pr for m, in the 
evaporation formula, (pr — pe) must be positive if evaporation is 
to take place. If p,, corresponding to a certain moisture con- 
tent, is equal to ps, no more moisture can evaporate. Hence 
each moisture content below the hygroscopic point is associated 
with a drying potential equal to the reduction in pressure (p: — 
pr), which is the same as saying that the equilibrium moisture con- 
tent is a function of the drying potential or of the wet-bulb de- 
pression of the drying air. Hygroscopic moisture-content curves 
(regain curves), which have been published for various substances, 
show the moisture content plotted against the relative humidity 
of the air at a certain temperature. From the foregoing, it 
appears more logical, although admittedly less convenient, to 
plot the hygroscopic moisture content against the wet-bulb de- 
pression or the drying potential and present the relation inde- 
pendently of the temperature. Even those inorganic materials 
which themselves do not go into erystalloidal solution with the 
liquid they contain may be hygroscopic if they contain salts as 
impurities which will go into solution with the liquid. Common 
salt, for instance, is only slightly hygroscopic, but it contains mag- 
nesium salts which make it very hygroscopic. It is for this 
reason that, in order to obtain a non-hygroscopic salt, the mother 
liquor should be removed by dehydration as far as possible. 

As the air picks up moisture, its drying potential decreases. 
The average rate of evaporation is equal to the logarithmic 
mean of the initial and final rates of evaporation, and is found 
directly by using the logarithmic mean for (ta — ts), (ps — 
pe), and (X. — Xa), respectively, in the given formulas for 
evaporation. 

Diffusion. Compared with evaporation, the mechanism of 
diffusion is much more complicated, especially when no outside 
force is applied, the difference of concentration of liquid being the 
only driving force that causes the liquid to flow. This force 
diminishes and changes with the location. Like all problems of 
this nature in which the rate of flow of a quantitative substance 
changes with the time and location, the relation is expressed by 
a differential equation of the second order. In the case of 
liquid diffusion in a body, it is assumed with sufficiently close 
approximation that the rate of propagation of concentration of 
liquid K, in pounds per foot per hour per unit of concentration, is 
constant. Then the flow u of the substance in the direction z is 


The change 


equal to —x’ = o denoting the concentration. 


of the concentration with the time will be proportional to change 
do du 
in flow along X, or 
this equation, let alone those in which we would have to consider 
diffusion in three directions and with variable x’, is extremely 
difficult to solve. Of interest to practical engineers are only the 
curves and tables worked out by physicists* of which the latest 
and most complete ones are those by Prof. Albert B. Newman.® 
With their help the results of laboratory tests can be interpreted 
for practical purposes, and where coefficients are known, the 
change of moisture content with the time for bodies of certain 
geometrical shape may be determined under varying conditions of 
initial moisture distribution. Although there are admittedly 
practical drying problems to which this information may be applied 
directly, it must be borne in mind that the solutions are based 
on constant conditions, such as constant temperature of the 
material and constant flow, and constant temperature and 

8 Williamson and Adams, Phys. Rev., vol. 14, 1919, p. 39; Lederer, 
Zeitschrift fir Angew. Chem., 1924, pp. 370-750; Sherwood, Ind. 
Eng. Chem., vol. 21, 1929, p. 12; Peck, Phys. Rev., 1930, p. 35; 
Newman, Cooper Union Bulletin, no. 5, 1932. 

® Cooper Union Bulletin, no. 5, 1932. 
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humidity of the air. Not only are these seldom encountered, 
but we should actually change them in order that we may im- 
prove on nature, so to speak. 

The question arises whether we should let the difference of 
concentration of liquid be the only force to drive the moisture 
out, and whether we cannot apply an outside source of energy 
to speed up diffusion. How this is accomplished in contact 
drying does not require further explanation. But from it we 
may recall the fact that the moisture diffuses in the direction of 
vapor-pressure drop, and where there is vapor-pressure drop 
there must be temperature drop. Hence, in the case of air dry- 
ing, if we do not want to depend upon “natural diffusion,” we 
must maintain a temperature drop from the center of the body 
to the surface. We may do this continuously or intermittently, 
in both cases utilizing the heat of the air for this purpose. In 
the latter case, we will have alternating periods during one of 
which the heat input, U (ts — &), will be greater than the heat in 
the steam evaporated, L(p: — pe), while during the other it will 
be equal or lower. On the other hand, during the period of dry- 
ing, which would otherwise be controlled by the diffusion, we may 
so adjust conditions by changing U, which it should be recalled 
is a function of air velocity and turbulence, that U(ta — t:) 
will always be somewhat greater than L(p: — pv), the difference 
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being utilized to cause “forced diffusion” at a rate corresponding 
to aera Obviously, because of the change that occurs 
in the rate of forced diffusion with reduced moisture content, 
U(ta — ti) and L(p: — pe) must also be changed to suit. The 
calculations for the proper determination of the variables are 
rather cumbersome. A graphical solution suggested by Prof. 
E. Schmidt’ quite simplifies the problem. 

In connection with diffusion there is also to be considered the 
effect of the capillaries and the cells upon it. Undoubtedly, if 
the surface of evaporation is at right angles to the capillaries, 
the flow of moisture to the surface will be assisted by the capillary 
force. As soon as the moisture surrounding the cells becomes 
less, the cell moisture will diffuse into the capillaries, whence the 
capillary force will assist it to the surface. No reference is 
known of investigations which take these questions into account. 
The fact that the moisture in the cells has crystalloids and colloids 
in solution, only adds to the complication. From what we said 
in the beginning, one may anticipate that in the case of a crystal- 
loidal solution, the entire solution will diffuse to the surface, 
where the salts will be left behind after the moisture has evapo- 


10 FOppl Festschrift, Springer Verlag, Berlin, 1924. 
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dy must be circulated per hour and 


10 Qi2 Qi 
240; rate at which the air is recirculated 
220 in cubic feet per hour, if p is the 
average density of the air in the 
drier. The temperature rise Atl 
$180 of the air passing through the 
5 eae heater in each section of the 
drier must correspond to the tem- 
140 , ; perature drop from evaporation in 
that section of the drier. The 
at cont | efficiency of the drier expressed in 
100 poe nee teal ot (50 aleg F Air és | terms of air horsepower, therefore, 
sok to 130aleg. ond! _ will depend a great deal upon the 


era low | | | 


hea reheated 201i 
| | F Air throughp/ 
per cent humidity approximately pe> pound of mois | 


of drying controlled by evaporation’ 


design of the drier with respect 
- to the distribution of heating sur- 
‘ face and the resistance to flow of 
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Air Flow---> air to and from the heaters. At 
—_— — the expense of increased air horse- 
power a continuous drier em- 


ploying reheating may attain the 


same thermal efficiency as a simi- 


lar drier of superior design. For 


the purpose of comparison of per- 
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Fie. 4 PerrorMaANce or A COUNTERFLOW REHEATING AIR DRIER SHOWN ON A SKELETON 
Mouurer Warer-Atk Mixture CHART 
(Air and material temperatures and moisture gradient of material are shown in lower diagram.) 


rated. In the case of a colloidal solution in the cells, only the 
moisture will diffuse, leaving the colloids behind on the inside 
walls of the cells. 

Efficiency. The amount of air that passes through the drier 
for the evaporation of a certain quantity of moisture is a direct 
function of the difference in humidities X; and Xo, respectively, 
of the air going into and coming out of the drier. In a continu- 
ous drier, the rate of flow expressed in pounds of dry air per hour, 


d, is equal to The power P; required to move this 


w 
X.— Xi 
quantity of air through the drier is only part of the air power 
needed in an efficient drier employing recirculation. The 
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balance P, is required to recirculate the air at a rate d,, which 
ean be approximately determined as follows: If g is the total 
thermal transmission in Btu per hour and ¢, the average tempera- 
ture rise of the air passing through the heaters at a considered 


air velocity, then n = x os x , the numberof times 


formance, therefore, one should 
know both heat and power con- 
sumption per pound of moisture 
removed. The investigation 
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should also include a heat balance in which the heat input ap- 
pears in the following items: 


(1) Heat to evaporate the moisture at the temperature at 
which it enters the drier 

(2) Heat to raise the temperature of the evaporated moisture 
from the temperature at which the moisture enters the 
drier to the temperature of the exit air 

(3) Heat to raise the temperature of the air entering the 
drier to the exit temperature, including its initial vapor 
content but not including the moisture added in the 
course of the drying process 

(4) Heat carried from the drier with the material (including 
final moisture content) above the temperature at which 
it enters the drier 

(5) Heat loss due to radiation and convection from the 
inclosure. 


GRAPHICAL ANALYSIS OF Dry1INa Process 


Graphical presentation facilitates the analysis of a process. 
For drying, two principal charts are needed, one a liquid-gas 
mixture chart in which the change of condition of the air or gas 
may be shown, the other a liquid-material mixture chart for 
presenting the change of condition of material. For each kind 
of liquid and gas, and liquid and material, a different chart has 
to be drawn. A chart for water and air is shown in Fig. 3 and 
is based on Professor Mollier’s suggestion to use heat content and 
moisture content as coordinates and set these coordinates at an 
angle. A most useful chart is thus obtained. Referring to it 
and assuming an atmospheric pressure condition of 29.92 in., 
point A indicates a dry-bulb temperature of 170 F (left end 
scale), a wet-bulb temperature of 128 F (constant wet-bulb line), 
a partial pressure of 3.9 in. Hg (bottom scale), a dew-point 
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temperature of 124 F (intersection of vertical with saturation 
line), a humidity of 0.0935 (top scale), a percentage humidity of 
0.0935 


0.428 


= 0.2185 (ratio of moisture content to saturated moisture 


3.9 
content on top scale), a relative humidity of a 0.32 (ratio of 


partial pressure to saturated pressure at same temperature, on 
bottom scale), a heat content of 140 Btu, a specific volume per 
constant pv 
29.92 29.92 
scale at top, bottom, and right-hand side points toward the origin 
(0 F) and the slope of the connecting lines indicate Btu per lb 
of moisture added per pound of dry air if the air changes in a di- 
rection parallel to this slope. Thus, for instance, in Fig. 4, the 
line connecting the initial and final state of the air is parallel to 
the 1220 Btu line, indicating the Btu consumed per pound of 
moisture removed per pound dry air. All the above readings 
may be made relative to any other pressure within the range 
of the chart. Furthermore, adiabatic compression (vertical) 
may be followed on the chart if the compression ratio to the 
1.4 power is taken from tables or calculated." Fig. 5 shows a 
water-pulp mixture chart. The specific heat for the pulp is 0.3. 
Hirsch"? suggests superimposing the one chart upon the other 
as shown in Fig. 6. For a drying process of a simple nature 
this may be practical, but when reheating stages with changing 
quantities of air are used, the procedure becomes too involved 
to be practical. 


lb of mixture of = 16.7 


The marginal 


11 The application of this chart to the graphical treatment of the 
so-called “Oxford drying process’’ was presented in a paper by A. 
Weisselberg at a meeting of the Metropolitan Section of the A.S.M.E., 
April 18, 1933. 

12 “Die Trokentechnik,’’ by Hirsch, Springer Verlag, 1932. 
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Ten Years of Stoker Development at 
Hudson Avenue 


By JOHN M. DRISCOLL! ano W. H. SPERR,? BROOKLYN, N. Y. 


Hudson Avenue Station is a stoker-fired generating 
station of 770,000-kw rated capacity. The station was 
started in 1922 with 14-retort underfeed stokers of 355 
sq ft projected grate and ashpit area and completed in 
1932 with an installation of 15-retort stokers of 694 sq ft 
projected grate and ashpit area. Development of the 
rated station capacity requires that the latter installation 
of stokers burn coal at the rate of about 65 lb per sq ft per 
hr, using eastern semi-bituminous coal of about 14,000 
Btu per lb as fired. On test, coal was burned at the rate 
of 75 lb per sq ft per hr for 48 consecutive hours, at a steam- 
generating-unit efficiency of 77 per cent. 

The development of the various stoker units, of which 
there are five different types, is described and-illustrated 
in this paper. This station was the location of the de- 
velopment by the Westinghouse Company of the first 
“link-grate’”’ stoker, which was successfully applied here in 
a 15-retort design having a projected grate and ashpit 
area of 524 sq ft. 

The 1932 installation of American Engineering Com- 
pany’s Taylor stokers is equipped with manual zoned-air 
control, which divides the air supplied to the grate section 
into 69 separately controlled zones. These stokers are the 
longest single-ended underfeed stokers on record, measur- 
ing 26 ft 7 in. from front furnace wall to the rear of ashpit. 


HEN the design of Hudson Avenue Station was initiated 

in 1922, underfeed stokers were the outstanding means 

available for burning a high-grade bituminous coal used 
by a steam-generating station located in the Middle Atlantic 
states. Subsequent to the original installation of twelve stokers 
at Hudson Avenue when the later additions of capacity were 
being provided, pulverized-fuel equipment was seriously con- 
sidered because by then it had been developed so that its relia- 
bility was no longer questioned. However, after considering 
such factors as layout, operation, and investment costs, stokers 
were chosen consistently as the better method of fuel firing at 
Hudson Avenue. 


1 Plant Equipment Engineer, Brooklyn Edison Co., Inc. Jun. 
A.S.M.E. Mr. Driscoll received the degree of B.S. in mechani- 
cal engineering in 1925 from Brown University. He was employed 
by the Brooklyn Edison Co., Inc., in 1925, in the mechanical en- 
gineering department and has been connected with the mechanical 
design work of Hudson Avenue Station since that time. Since 1929 
he has been plant equipment engineer. 

? Assistant Plant Equipment Engineer, Brooklyn Edison Co., Inc. 
Mr. Sperr received the degree of M.E. from Stevens Institute of 
Technology in 1925. He was employed by the Brooklyn Edison Co., 
Inc., in 1925, as a cadet engineer. Since 1927 he has been with the 
plant-equipment bureau and in 1930 was made assistant plant 
equipment engineer. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y., December 3 to 7, 1934, of Taz AMERICAN 
Society or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until April 10, 1935, for publication in a later issue of Transac- 
tions. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 
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The various steps in the development of the underfeed 
stokers to obtain the desired capacities are described, and 
an apparent limitation in capacity of a purely underfeed 
stoker of any considerable length is discussed. 

This paper discusses also the unburned-gas losses and 
the cinder losses in the heat balance of a boiler-stoker 
test. The cinder loss attains considerable magnitude in 
stoker operation at high-burning rates, and loss data are 
given for a number of stoker tests at coal-burning rates up 
to 75 lb per sq ft per hr. 

The extent of improvement in efficiency in stoker opera- 
tion over the period of ten years due to stoker design and 
associated equipment is discussed from the standpoint of 
the installations in this particular station, efficiency data 
being given in curve form for the various stoker installa- 
tions. 

It is the hope of the authors in presenting this paper 
that it will serve steam-plant designers as a basis of facts 
on efficiency and capacity possibilities of large stoker- 
fired installations in the present state of the art. 

A companion paper by Messrs. Hardie and Cooper, of the 
Brooklyn Edison Company, entitled ““The Test Perform- 
ance of Hudson Avenue’s Most Recent Steam Generating 
Units’’’ presents test data and describes the test procedure 
and methods. 


Because of the large increase in size of each successive unit, it 
was necessary on each installation to utilize stokers which were 
longer than any in use at the time of their selection. The results 
of this design, from the standpoint of station investment cost and 
operating economy, have been very satisfactory. 


Stoker DEVELOPMENT 


The station structure was built in two stages, the original 
building providing for three 50,000-kw turbines and three rows 
of boilers with stokers which went into operation in May, June, 
and October, 1924. The first two units were engineered and in- 
stalled at the same time. The designers and operators, in order 
to obtain comparative operating data between two of the stokers 
which were on a parity on the basis of a comparison of bids, recom- 
mended the purchase of two Combustion Engineering Com- 
pany’s Frederick stokers, and six Westinghouse stokers. The 
Combustion stokers are 14-retort, 31-tuyére units with a projected 
grate area of 380 sq ft and a length of 15 ft 6 in. while the West- ~ 
inghouse stokers are 14-retort, 27-tuyére units with a projected 
grate area of 355 sq ft and a projected length of 14 ft 5 in. includ- 
ing ashpit. The third unit was engineered during the installation 
of the first two, and the stokers selected were four Frederick units 
of the same size and design as the two purchased for No. 1 unit. 
The first three turbine and boiler installations were all of the same 
size, and the design data required a coal-burning rate of more 
than 50 lb per sq ft per hr to carry full station turbine capacity 
with eleven of twelve boilers in service. The coal-burning-rate 
guarantees on the first three units are tabulated in Table 1. 

Since the station was designed with exceptionally high stacks, 


3 See A.S.M.E. Transactions, November, 1934, paper FSP-56-15. 
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TABLE 1 
-——Combustion rate, lb per sq ft per hr——. 
Unit Continuous Four hours Two hours 
Nos. 1 and 2 Westinghouse..... 57.0 ve 73.0 
No. 8 55.2 71.0 


it was hoped to attain the required boiler outputs on natural 
draft, and consequently no induced-draft fans were installed for 
this first section. Unfortunately, the draft proved insufficient 


to carry the stokers much above 45 lb per sq ft per hr so that their 


Fig. 1 ComsBusTion ENGINEERING CoMPANY’s FREDERICK STOKER, 
Units Nos. 1 anp 3 


capacity to meet the guaranteed coal-burning rates has never 
been tested. 

Fig. 1 shows a cross-section of the Combustion stoker, and 
Fig. 2 shows a cross-section of the Westinghouse stoker unit as 
originally installed. During the first few years of their operation 
some changes were made from the construction shown on the 
drawings. The Westinghouse stoker was operated with the lower 
agitator grates in a stationary position, and the agitator operating 
mechanism removed. On the Combustion stokers the single 
grinder roll was rearranged to turn toward the lower grate and 
the retort bottoms were rearranged to use a shallower type of 
secondary ram which produced less disturbance and seemed to 
reduce clinkering troubles. 
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The efficiency, as determined on test of Westinghouse stokered 
boiler No. 14 (the fourth boiler in No. 1 row), is shown at the left 
of Fig. 3, plotted against boiler output in millions of Btu per hour. 

In 1924, load growth was still continuing at a rate which in- 
dicated the need for capacity above that of the first three units. 
Engineering studies made at the time indicated the advisability 
of raising the operating pressure of the station from 265 lb per 
sq in. to 400 lb per sq in. for improved economy of operation. 
When this was done it was also decided to install an 80,000-kw 


Fie. Westincuouse Stoker Units Nos. 1 anp 2 


turbine, to take care of the increasing load demand, also to reduce 
the cost per kilowatt of capacity of the ultimate station. 

The stoker specifications issued for unit No. 4 called for a 14- 
retort stoker with a length not to exceed 20 ft 6 in. and capable 
of burning 32,000 lb of coal per hr continuously. In other words 
the specification called for a continuous coal-burning rate of not 
less than 63 lb per sq ft per hr. It should be noted in connection 
with the coal quantities just mentioned that at the time of unit 
No. 4 design work, neither the company’s nor the manufacturer’s 
engineers appreciated the existence of a rather sharp falling off 
in stoker efficiency at these high outputs. Hence the required 
coal per hour in actual operation was even higher than that speci- 
fied to obtain the desired output. 

The No. 4 stokers were to operate with preheated air at a tem- 
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perature of 300 to 450 F. Only one of the four bidders had built 
a stoker of the maximum length allowed. Two of them offered 
propositions covering stokers of the maximum length permitted. 
The two others did not take advantage of the full length, but 
offered propositions on shorter stokers, which were, however, 
longer than any that these two manufacturers had previously 
built. As a result of these negotiations, Westinghouse stokers 
were purchased, 39 tuyéres long, having a projected length of 
17 ft 4 in. and a projected grate and pit area of 427 sq ft. To 
burn a total of 32,000 lb of coal per hr on each stoker required a 
burning rate of 75 lb per sq ft per hr. 

The first No. 4 stoker was initially operated in September, 
1926. As shown in Fig. 4 it was designed to underfeed practi- 
cally its entire length. The windbox was divided into four com- 
partments so that different air pressures could be carried under 
sections of the stoker from head to foot, with an additional zone 
for the agitator grate. Severe burning of the tuyéres occurred 
immediately above the plates dividing the windbox along the 
length of the stoker, and to overcome this the division plates were 
lowered to give transfer area from section to section immediately 
beneath the tuyéres. 

Numerous changes were made in the design of the retort 
bottom. The original bottom, as indicated in Fig. 4, had three 
secondary rams, the lower one acting at a different angle to the 
tuyére row, from the others. After several days of running, a 
heavy clinker formation would develop at the head end due to 
the lack of upward motion of the secondary rams. High ratings 
could not be maintained because of excessive blowing of the fuel 
bed and lack of burning on the clinker-blanketed upper tuyéres. 

The next major change made was to use a straight-line retort 
bottom, in which the three secondary rams acted in line along a 
retort bottom inclined at an angle to the tuyére row. This retort 
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produced better overall results but made the fuel bed heavy and 
inactive at the head in spite of many minor adjustments. Clinker 
on the tuyére rows, while not giving trouble at low ratings, still 
interfered with the obtaining of high coal-burning rates. With 
the thought that a greater air-entry area into the upper section 
of the stoker would increase the combustion rate at this point, 
the next step was to install longer tuyéres at the head end which 
had double the air-passage area of the standard tuyére. This 
change seemed to have no appreciable beneficial effect on the 
obtaining of high ratings. A third major change consisted in 
raising the retort bottom along its entire length to shallow the 
retort and obtain greater agitation and looseness of the fuel bed. 
Again this third attempt failed to eliminate clinker on the tuyére 
row at the upper end. In order to get still more upward motion 
of coal out of the retorts at the upper end, the fourth major change 
consisted of making the upper secondary move upward toward 
the tuyéres as well as down the retort and lift coal on its top sur- 
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face into the fuel bed. This change eliminated, very effectively, 
clinker immediately above the special upper secondary ram but 
in the section of fuel bed immediately following, tuyére clinker 
was experienced. 

The final change made was to install telescoping rams as shown 
in the lower view of Fig. 4, which combined the effective motion 
down the retort of the straight-line design, and a uniform upward 
motion of green fuel toward the tuyéres. On test, this design 
was capable of maintaining a uniform fuel bed over its entire 


Fie. WestincHouss Stoker Unit No. 4. Upprr View, 
NAL INSTALLATION; Lower Vigsw, LaTeR UNDERFEED ARRANGE- 
MENT 


length at coal-burning rates up to approximately 53 lb per sq ft 
per hr for 24-hr periods. Rates as high as 60 to 65 Ib per sq 
ft per hr could be maintained for 4-hr periods. At this burning 
rate, however, the fuel bed tended to become sensitive and was 
likely to blow off in any section. A point had been reached 
where there was an apparent limitation on continuous capacity, 
after every reasonable possibility had been investigated in the 
development of the underfeeding retort. 
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While this development work was going on for unit No. 4, 
plans were in progress for further addition to the generating ca- 
pacity of the station, calling for four additional boilers and stokers 
to serve a 110,000-kw turbine known as unit No. 5. The de- 
velopment of the thin, water-cooled furnace wall made it possible 
to provide one extra retort in the width of each stoker within the 
same overall limits of furnace dimension. 


A return was made to 


Fic. 5 WestincHouse Linx-Grate Stoker Unit No. 5 


cold-air operation, because economizers offered an effective sub- 
stitute for air heaters in attaining economy and because space 
limitations practically prohibited the installation of the necessary 
duct work for preheated air on two adjacent units. It has been 
found, too, that the common-duct, preheated-air system, which 
had been necessary due to lack of space for a unit system, severely 
handicapped stoker- and boiler-maintenance work because of 
high temperatures resulting from leaky dampers. 

For No. 5 unit, 15-retort Westinghouse stokers were purchased, 
having a projected length from inside of front furnace wall to 
rear of ashpit of 19 ft 8*/, in. and a projected stoker and ashpit 


area of 524 sq ft. The proposal was based on a stoker designed 
along the lines of No. 4 unit stokers, but of 45-tuyéres length in- 
stead of 39. The guarantees were ewhat more conservative 
than those for unit No. 4, based on capacity per sq ft, and were as 
follows: 


Continuous, 24-hr 
Four hours 
Two hours 


58 lb per sq ft per hr 
65 Ib per sq ft per hr 
73 lb per sq ft per hr 


Before development of the drawings for this installation had 
proceeded very far, the Westinghouse Company had developed 
the idea of their “link-grate” stoker. They proposed this design 
for installation on this contract, making the statement that they 
believed this new development had possibilities greater than the 
conventional underfeed stoker. It was agreed that the installa- 
tion should proceed on this basis. A sealed-ashpit design was 
incorporated in the No. 5 unit installation and subsequent in- 
stallations, in order to eliminate the downward flow of air and 


Fic. 6 WestincHouse Linx-Grate Stroker Unit No. 4 
gas into the ashpit which had often been experienced on the unit 
No. 4 stokers and had resulted in high maintenance costs for the 
ashpit and lower stoker parts. 

The link-grate stoker, of which unit No. 5 at Hudson Avenue 


was the first installation, has been described a number of times 
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in the technical press.‘ Fig. 5 is a drawing of this stoker. Briefly 
the link-grate section consists of a six-foot-long overfeed section 
made up longitudinally of five bar elements which are linked to- 
gether by a driving mechanism which gives the bars an undulating 
or wave-like motion which breaks down and distributes the fuel 
as it is received from the underfeed section and propels it toward 
the ashpit. 

This installation was successful from the first, and practically 
no development work and operating experience were necessary 
in order to meet and surpass the capacity guarantees. Results 
of efficiency tests on No. 54 boiler and stoker are shown in Fig. 3. 
Data up to coal-burning rates of 62 lb per sq ft per hr (350 x 10° 
Btu per hr output) are for 24-hr tests, while the tests at burning 
rates of 76 and 89 lb per sq ft per hr are for durations of 3 hr and 
2 hr, respectively. 

Within a short time of the operation of unit No. 5, it was neces- 
sary to start engineering-design work on the next unit, No. 6. 
Because of the very satisfactory performance of the boilers and 
stokers for unit No. 5, and the need for speed in installation, unit 
No. 6 was made essentially a duplicate of unit No. 5 in these 
equipments. Unit No. 6 went into operation in 1930 with the 
same highly satisfactory results obtained on No. 5. In the en- 
tire station experience, these two rows of stokers have been out- 
standing for developing rated capacities without a long period of 
experimental work. 

Subsequent to the successful operation of unit No. 5 link-grate 
stokers, the Westinghouse Company decided to install a link- 
grate section for the unit No. 4 stokers as a means of approach- 
ing their capacity guarantees. Before doing this work, the 
Westinghouse Company submitted revised capacity guarantees 
for the unit No. 4 stokers, which made them consistent in “per- 
formance per square foot,” with those submitted for unit No. 5. 
These revised guarantees, although somewhat of a reduction, 
were accepted and the work proceeded and was completed in 
1930. The revised capacity guarantees were easily met. Pro- 
vision was also made at this time for sealing the ashpit and in- 
troducing air under pressures beneath the clinker-grinder rolls, 
insuring a definite upward flow of air through the clinker pit. 
Fig. 6 is a drawing of the link-grate stoker unit No. 4. 

Specifications were issued in 1930 calling for stokers for units 
Nos. 7 and 8 to complete the station. Since two 160,000-kw 
turbines had been selected, it was necessary to obtain steam- 
generating capacity to supply their requirements. Originally it 
was thought that a boiler-house extension with two boilers, in 
addition to the eight then contemplated within the existing 
house, might be necessary for this purpose. Station-layout draw- 
ings were sent out with the specification indicating the available 
floor area and column arrangement in the building and the stoker 
space limitations. In defining the capacity requirements, it was 
indicated that four stoker units when operated together should 
have a combined instantaneous output rate, in steam, which at 
no time during a cycle of operation of five hours’ duration per 
night for six consecutive nights should fall below a rate equiva- 
lent to 2,080,000,000 Btu per hr. Expressed as an average, this 
corresponds to a steam output of 520,000,000 Btu per hr per 
stoker unit. (455,000 lb of steam per hr.) This output was 
sufficient to supply the required steam from eight boilers inside 
the existing building. Stoker width was limited to 15 retorts 
by existing building columns carrying the coal bunkers. 

Very serious consideration was given at this time to the use of 
double-ended stokers, because of the advantages in control of a 
shorter fuel bed. The problems of providing coal feed to an 


4“The Westinghouse Link Grate Stoker,” Blast Furnace and Steel 
Plant, Dec., 1929. 

“Underfeed Stoker Has Overfeed Rear Section,’’ Power Plant 
Engineering, Nov. 15, 1929. 
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additional aisle, in particular the space requirements of equip- 
ment which would have been required to feed reliably from the 
existing bunkers, could not be solved by any reasonable layout, 
so that the double-end design was abandoned reluctantly and the 
specification was issued for single-ended stokers. Proposals were 
received as given in Table 2. 

TABLE 2 


Combustion rate, 


Stoker area, ——lb per sq ft per hr—— 


sq ft 24 hr 5 br 2hr 
American Engineering Co... 694 65.5 73 82 
Combustion Engineering Co.. 630 60 64.3 75 
Westinghouse Co........... 578 57.8 69.5 73.7 


The Westinghouse Company also offered a stoker with an area 
of 625 sq ft, but with the same guaranteed total heat output per 
unit as for the 578-sq ft stoker; that is, the unit combustion rates 
were correspondingly reduced. While the Brooklyn Edison 
Company’s experience with units Nos. 5 and 6 had indicated these 
Westinghouse guarantees to be conservative, there was still con- 
siderable margin between the total maximum output guaranteed 


Fie. 7 Taytor Stoxer Unit No. 7, Originat INSTALLATION 


and the desired output from the eight units. The Combustion 
Company’s guarantee was also not high enough to obtain the 
desired steam output from the eight stokers. American Engi- 
neering stokers were therefore purchased on the basis of their 
guarantee to perform in accordance with the preceding conditions, 
which met the specification and station-capacity requirements. 
This guarantee was the only one which offered to produce the 
required steam without going outside the limits of the existing 
building. 

The stokers installed were 69 tuyéres long, an extension of a 
design previously installed at the Delray Power House No. 3 of 
the Detroit Edison Company which were 57 tuyéres long. The 
retort contained six horizontally acting secondary pushers, in 
addition to a reciprocating extension-grate section at the lower 
end. Each pusher and extension grate had provision for indi- 
vidual adjustment of stroke external to the stoker while the 
stoker isin operation. Five pushers were originally of the square- 
nosed type, 8 in. high. The arrangement of the stoker originally 
installed is shown in Fig. 7. 

Early operation disclosed lack of ignition at the head and a 
tendency for the fuel to blow off the grates as coal-burning rates 
of 45 to 50 lb per sq ft per hr were approached. The first move 
was to restrict the air supply to the front-wall air boxes and also 
to restrict the air to the upper tuyéres at the head end of the 
stoker by installing baffles underneath the tuyéres. Constant 
experiment was carried on to determine the best combination of 
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TABLE 3 
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secondary-ram strokes. Also the upper secondary ram was re- 
moved and replaced by an inclined dead plate. This effectively 
deepened the retort at this location, but the increased depth was 
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below the tuyére line so that the fuel-bed thickness above the 
tuyére line was not increased. Then the ram-box caps, which 
originally had an extremely flat slope from the ram, were re- 
placed by others, the roof slope of which could be adjusted to 
give an upward flare of as much as 7!/; in. from the ram out to 
the furnace and thus give greater depth of coal over the tuyéres. 
With these two latter changes, some difficulty was experienced 
with packing of coal on the bottom of the retort at this location, 
which effectively shallowed the retort and also produced a dis- 
turbance to the underfeeding action. The upper dead plate was 
replaced experimentally with an inclined flat plate capable of 
reciprocating motion, with some improvement. 

Other experimental changes were made on the other secondary 
pushers, by pulling them toward the front of the stoker, thus 
effectively deepening the retort; and also on other occasions by 
adding sections having inclined faces to the pusher noses, which 
effectively shallowed the retort. At the end of about a year’s 
work, the various possibilities had been quite thoroughly investi- 
gated and the retort profile determined which gave the best re- 
sults. This comprised an inclined sliding plate for the No. 1 
secondary ram, which was later modified to give the retort a 
rounded bottom in order to reduce friction of the coal in the re- 
tort. The ram-box caps were set at a height giving a rise of 
about 6 in. Pushers Nos. 2, 3, and 4 were of the square-nose 
type, while Nos. 5 and 6 had inclined faces, with slopes approach- 
ing that of the retort. No. 6 pusher was finally installed with an 
inclined stepped face. With this stoker, fairly reliable operation 
at coal-burning rates of about 60 lb per sq ft per hr for periods of 
4 to 5 hr could be obtained, with somewhat longer runs and higher 
ratings sometimes attainable. The experimental work described 
was conducted chiefly on one stoker, and during this time the 
operation of the stokers was entirely reliable and without exces- 
sive maintenance, the only limitation being on the maximum 
capacity as described. 

Since the American Engineering Company had done consider- 
able work with zoned-air control on other installations,’ they then 
stated their desire to make the application to one of these stokers 
as their next step toward meeting the capacity guarantees. This 
equipment was designed and installed first on No. 74 stoker. 
Each row of tuyéres, including the two rows of half-tuyéres at 
the side, was divided into four equal zones and a control damper 
and metering venturi box and gage were provided for each zone, 
making 64 zones in all. The extension-grate section was divided 
into five zones across the width of the stoker with control damper 
and gage for each. The air-control apparatus arrangement 
under each tuyére row is illustrated in Fig. 9. 

After a short period of experimental operation, this stoker 


5’ “Zone Air Control for Stokers Made Automatic,” F. J. Chatel, 
Power, Jan. 26, 1932. 

“Zoned Air Control for Underfeed Stokers Increases Boiler Ca- 
pacity,” Griswold and Brown, Power, June 23, 1931. 

“Stoker Developments at the Detroit Edison Company’s Delray 
Power House No. 3,”” P. W. Thompson and F. J. Chatel, A.S.M.E. 
Trans., 1933, paper FSP-55-11. 
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proved itself capable of meeting the capacity guarantees and of 
exceeding them by a substantial margin. During the final tests 
on this stoker, for which water and coal were weighed, it was op- 
erated for a period of 48 consecutive hours at an average coal- 
burning rate of 75 lb per sq ft per hr at an average efficiency of 
steam-generating equipment of 77 per cent. This was at an 
output of approximately 500,000 Ib of steam per hr. 

While this point has not been mentioned in the descriptions 
of the individual stokers, there has been complete adoption at the 
Hudson Avenue Station of the so-called “thin tuyére.” Thus 
the unit No. 4 Westinghouse stoker with link grate, having a 
rated underfeed section of 27 tuyéres, now has actually 48 tuyéres, 
and the newest Taylor stokers, originally 69-tuyére stokers, now 
actually have 100 tuyéres. This type of tuyére was, in these 
cases, adopted by the manufacturers, and the use continued by 
the station operators. While they do not show any marked im- 
provement in the manipulation of the stoker, they lessen clinker- 
ing difficulties and burning troubles, and lower maintenance costs. 


Discussion OF RESULTS 


In considering the stoker installations, the history of which is 
presented here, it has been pointed out that capacity require- 
ments made necessary the use of the most advanced develop- 
ments which the stoker art afforded, both as to length of stokers 
and in capacity per square foot. The following points seem to 
the authors to warrant mentioning in a discussion of the results 
of these installations: 


(1) As will be seen from Table 4, the general type of coal in 
use at Hudson Avenue has been fairly constant in character. A 
heating value of 14,000 Btu per lb, as fired, moisture content of 
4 per cent, volatile matter of 17 to 19 per cent, and ash of 7 to 9 
per cent would serve to represent this coal. Comparisons of 
coal-burning rates per square foot are based on coal as fired. 


TABLE 4 COMPARISON OF Serratia COALS—STOKER 


Stoker No. 14 34 43 54 74 
Btu as fired........00¢ 13,650 13,800 14,000 13,650 14,000 
14,200 14,400 14,500 14,300 14,500 
Moisture, per cent..... 4.0 4.1 3.3 4.6 3 
Proximate analysis, dry basis 
Volatile, per cent...... 18.0 19.0 18.2 19.4 17.8 
Fixed carbon, per cent.. 73.3 73.0 74.5 72.4 74.7 
Ash, per cent.......0. 8.7 8.0 7.3 8.2 7.5 
Ultimate analysis 
Carbon, per cent...... 81.0 80.8 82.3 80.7 82.1 
Hydrogen, per cent... . 4.3 4.3 4.2 4.6 4.4 
Oxygen, per cent...... 3.4 4.0 3.9 3.9 3.6 
Nitrogen, per cent... .. 1.3 1.3 1.9 1.3 1.3 
Sulphur, per cent...... 1.3 1.6 0.9 1.3 | 
Ash, per cent......... 8.7 8.0 7.3 8.2 7.5 


While these values might have been expressed on a dry-coal 
basis, no standard practice in this respect seems to have been 
adopted, and there would still remain the variable of heating 
value when comparing with other installations. The importance 
of the heating value in comparing capacities has been pointed 
out in the paper by Messrs. Foresman and Mosshart of the West- 
inghouse Company, on “Stokers and Furnaces for New England 
Fuels,”* presented before the Boston Section of the A.S.M.E., 
May 15, 1929. 

(2) There is some variation in the furnace volume per square 
foot of stoker area, which will be noted by reference to Table 3. 
There are also differences in the amount of “‘cold’”’-water-cooled 
surface exposed in the furnace. The most radical difference 
from the preceding units is presented by units Nos. 7 and 8, with 
almost completely water-cooled furnace, and an entirely different 
shape of furnace and disposition of furnace height with respect 
to the stoker. 

(3) From a review of Fig. 10 it will be noted that the differ- 
ence in steam-generating efficiency between the 1924 installation 


6 A.S.M.E. Trans., 1931, paper FSP-53-1. 
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and those made since 1926 is about 8 per cent. Of this differ- 
ence, 7 per cent increase is accomplished by the reduction of dry- 
gas loss. This reduction is due chiefly to the installation of heat- 
recovery equipment beyond the boiler surface. A portion of it, 
representing about one-half of one per cent in the heat balance, 
was accomplished by a reduction of excess air. The use of water- 
cooled furnace walls made practical the use of higher furnace 
temperatures of combustion, and the improved methods of fuel 
and air control, particularly in the extension-grate zone, facili- 
tated the accomplishment of the reduction of excess air. The 
introduction of the sealed ashpit probably assisted in the reduc- 
tion of excess air at low ratings. 

The combustible in refuse loss has been reduced from about 
1.5 or 1.7 per cent in the heat balance to a loss of generally less 
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than 0.5 per cent. Credit for this is due mainly to the improve- 
ments in the extension-grate section and to the sealed ashpit, 
which latter permits more complete burning out of combustible 
in the ash particularly at higher ratings when “popcorning”’ of 
fuel into the more quiet zone of the pit takes place on all stokers. 

(4) As operating capacities were increased to burning rates 
of 50 lb per sq ft per hr and above, the standard boiler test showed 
increasingly large unaccounted-for losses in the heat balance. 
Consideration of this question indicated two probable identities 
for these unmeasured losses; first, the fly cinder and coke carried 
off the fuel bed with the gas, and second, unburned gases or prod- 
ucts of partial combustion, such as hydrogen, hydrocarbons, and 
carbon monoxide. Carbon monoxide is mentioned because of 
indications that the usual Orsat analysis apparatus did not give 
as high an indication of this gas as was shown to be warranted 
by other check methods. The Brooklyn Edison Company has 
given considerable attention to the development of cinder-sam- 
pling methods for determining the cinder losses and to laboratory 


methods of gas analysis from samples taken in the field for the 
more complete determination of losses due to unburned or par- 
tially burned combustible gases. This investigational work was re- 
viewed by W. F. Davidson of this company in a paper entitled 
“Reduction of Unaccounted-For Losses in Boiler Tests,” pre- 
sented at the Chicago Meeting of the A.S.M.E. in 1931. Appli- 
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cation of these methods of test and analysis has resulted in the 
obtaining of extremely consistent results regarding cinder-loss 
values, and a gratifying reduction in the residual values of “‘radia- 
tion and unaccounted-for losses’”’ obtained on test. A discussion 
of the methods and apparatus used on the 1934 tests is given in a 
companion paper by Messrs. Hardie and Cooper of the Brooklyn 
Edison Company research bureau, entitled ‘The Test Perform- 
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ance of Hudson Avenue’s Most Recent 
Steam-Generating Units.’”* 

(5) The increase in cinder loss at the Panag es 
higher ratings which has been referred to 


is a reflection of the growing instability 21-24 69.3 76.7 


of the fuel bed as burning rates are in- 31-34 


TABLE 5 OPERATING DATA FOR HUDSON AVENUE STATION, 1925-1933 


(Based on service hours per year) 


1926 1927 1928 1929 1930 1931 1932 1933 
1—Average steaming rate—1000 lb per hr per boiler 


75.3 64.5 56.0 63.0 
78.1 64.4 58.4 64.1 
9 61.9 53.9 58.0 


72. 
41-44 123.7 142.8 144.8 138.1 132.0 126.2 


creased. This condition, resulting from 51-54 
inequalities in the thickness and porosity 71-74 


Messrs. Foresman and Mosshart with ref- 


of the fuel bed, has also been discussed by 81-84 wens oe 


eee 166.8 181.8 180.7 162.4 134.0 131. 


erence to the duration of time for which 17.9 15.7 17.3 
21-24 20.3 20.9 21.8 18.6 16.7 17.9 
any rating may be carried. 31-34 
The cinder losses for three of thestoker 41-44 re 27.8 31.9 33.0 1:8 30.7 27.1 22.4 34°6 
43, 54, and 74, are plotted in Fig. see  steee  ° wawes a's 
flow after determining the cinder loading 3—Average steam-generating efficiency—per cent 
11-14 78.0 77.5 75.5 75.7 
of the gas in the uptake by the sampling 21-24 72.7 79.0$ 80:2 77:1 76.7 77.2 76.0 <1...) litt! 
method as described in the paper by 31-34 78.0 76.0 75.4 | eee 
it should be pointed out that the cinder 85.2 85.5 86.5 85.3 
loss for No. 74 stoker was measured under 81-84 87.5 87.3 
conditions of operation which provided 4—Stoker-maintenance cost—dollars per net ton 
hpi - 
for the to the pit of that por- 41-14 0.142 0.248 0.198 0.198 0.108 0.174 @.108 
tion of the cinder which was trapped in 21-24 0.119 0.094 0.065 0.086 0.085 0.089 0.099 ..... ..... 
the hoppers of the boiler at the bottom of pt a 0.1388 0.170 0.173 0.174 0.232 0.124 0.182 ..... 2... 


the third boiler pass. These hoppers and 51-54 teen, 


the return piping system are indicated in 71-74 


sisted in raising the efficiency of No. 74 

stoker on test by reclaiming heat which otherwise would have 
appeared in the cinder loss. The low value of combustible in 
refuse loss indicates that the cinder returned to the pit was 
quite completely burned. 

(6) In comparing the efficiency results of stokers Nos. 54 and 
74, it will be noted that while the cinder-loss points, as deter- 
mined at the boiler outlet, lie close to a common curve and the 
dry-gas loss for No. 74 is higher than for No. 54, the efficiency for 
the No. 74 unit is higher at the same coal-burning rate. The 
reason for the difference in efficiency is of interest and lies in the 
greater “unaccounted-for’’ loss in the No. 54 test. Although the 
unburned-gas losses were not measured on the No. 54 test, it is 
believed that these largely account for the difference. The “‘un- 
accounted-for” losses, which include radiation and all test errors, 
are shown in Fig. 12. A comparison is also given with the sum 
of “unaccounted-for”’ and unburned-gas losses for No. 74, since 
the unburned-gas loss for No. 54 is included in the “‘unaccounted- 
for” classification. This comparison shows the No. 54 losses 
somewhat higher. All of the test points shown on this illustra- 
tion are for 24-hour tests with weighed coal and water. Cinder 
loss and other measured losses were obtained by similar proce- 
dures in each case. The reduction in unburned-gas and unac- 
counted-for losses in the No. 74 test may be attributed partly to 
the air-control equipment and also to better furnace conditions, 
namely, greater furnace volume and what is undoubtedly a 
superior arrangement of furnace for stoker firing, namely, a long 
gas path from the head of the stoker to the boiler-heating surface, 
as contrasted with the comparatively short gas path for No. 54. 

(7) It is interesting to note that for unit No. 4, which was 
installed as an underfeed stoker, with a projected length includ- 
ing ashpit of 17 ft 6 in., after a long period of experimenting and 
numerous changes which developed it to its best operating con- 
dition as a purely underfeed stoker before the installation of the 
link grate, a limitation on stable operation for long periods was 
reached at a burning rate of about 55 lb per sq ft per hr. This 
stoker operated with preheated air. 


Fig. 8. This method of operation as- 5-84 = = 


For unit No. 7, an underfeed stoker of different manufacture 
with a projected length of 26 ft 7!/; in. including ashpit, after a 
long period of development which brought it to its best operating 
condition as a purely underfeed stoker, without zoned-air control 
apparatus, a limitation on stable operation for long periods was 
reached at about the same value of 55 lb per sq ft per hr. 

It is known that this capacity limitation does not apply to ex- 
tremely short stokers, probably because of the better opportunity 
for operating supervision and the quicker response of the fuel 
bed to control measures. The exact length at which this capacity 
limitation becomes effective is not known from experience at 
Hudson Avenue; it is probably considerably shorter than the 
approximately 13-ft-long underfeed section of the original unit 
No. 4 installation. 

(8) The use of the link-grate overfeed section at the lower 
end of an underfeed stoker had the effect of raising the capacity 
limitation compared with the purely underfeed stoker. With 
a six-foot section of link-grate construction substituted for the 
usual tuyére row and retort construction, the maximum, continu- 
ous, overall coal-burning rate on the combined underfeed and 
overfeed area of the stokers described was raised to approximately 
65 lb per sq ft per hr. An explanation of this increase in coal- 
burning rate may be in the following: The pure underfeed sec- 
tion is shortened, thereby facilitating its control and raising the 
combustion-rate limitation on that section. As the coked fuel 
passes on to the link-grate section it is broken down and spread 
out to form a very porous fuel bed, through which a windbox 
pressure lower than that needed for the underfeed section will 
pass the required combustion air. Thus, in the event of the for- 
mation of a weak spot in the fuel bed, the potentialities for the 
blowing out of the local section of the fuel bed, due to a sudden 
conversion from windbox static pressure to velocity pressure, are 
reduced. 

(9) The use of zoned-air control equipment brings back to 
the long stoker the control element formerly lost by comparison 
with the short stoker. The provision of metering boxes and 


2—Average coal-burning rate, Ib coal per sq ft per hr ee is, 
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gages to indicate the flow conditions enables the operator to in- 
terpret the condition of the fuel bed at various points. The 
adjacent damper control provides the means to control the flow 
to correct any irregular condition indicated by the metering gages. 
The effectiveness of this control may be judged from the fact that 
during the two consecutive 24-hour test runs on No. 74 stoker at 
a coal-burning rate of about 75 lb per sq ft per hr, the air control 
alone was manipulated, the strokes of the six secondary pushers 
were not changed, gear-box ratio was not changed, and stoker 
speed was adjusted on an average of only once in two hours, by 
an almost negligible percentage. 

(10) It is interesting to note that the apparent limitation of 
the plain underfeed stoker, due to lack of control of fuel and air, 
has been met by two manufacturers by two entirely different de- 
velopments, opening up further possibilities in the efficient burn- 
ing of coal for heat and power. This method of increasing ca- 
pacity by the more effective use of existing floor areas and more 
intensive use of equipment results in a lower cost per kilowatt of 
installed capacity, and is particularly adapted to the peak 
requirement which is characteristic of electrical central-station 
service. 

(11) A summary of the results of nine years of stoker opera- 
tion, from 1925 to 1933, inclusive, giving average boiler steam- 
output rate, average coal-burning rate, average boiler efficiency, 
and average stoker-maintenance costs is given in Table 5. The 


relatively low average coal-burning rates result from the low sta- 
tion loads during the early morning hours. The completion of 
the link-grate installation on No. 4 unit in 1930 is reflected in the 
improved steam-generating efficiency and stoker maintenance 
figures in the years following. 

(12) As to the future possibilities for higher coal-burning rates 
per square foot of stoker area (it being an author’s prerogative 
to make a few predictions), the chief loss of magnitude which re- 
mains to be attacked by future development is the cinder loss. 
It would seem that to decrease this loss, stoker grates and coal- 
feeding mechanisms will have to be changed radically from their 
present, design to one which will produce a much higher ratio of 
air-admitting area to total grate area and which will distil the 
volatile, and coke the fuel rapidly within a very short section of 
the total stoker length. 

In closing, the authors wish to state that in presenting this 
paper it is their intention to make available information on the 
performance and capacity abilities and limitations of long stokers 
when burning eastern bituminous coal; the stokers discussed rep- 
resenting, in the present state of the art, the most advanced de- 
velopments in stoker length and coal-burning capacity. 

The authors also wish to compliment the manufacturers on the 
persistence displayed by them in finally overcoming the many 
problems with which they had to cope and on the successful com- 
pletion of their contracts and meeting of their guarantees. 
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Use of Current Meters for Precise 


Measurement of Flow 


By FLOYD A. NAGLER! 


In this paper the author deals with the art of flow 
determination by current meter, compares the accuracy 
of this method with that of other means of water measure- 
ment, and draws attention to a number of precautions 
which should be observed in order to minimize error. 
He compares also the characteristics of cup and screw 
meters, discusses meter ratings, the effects of turbulence 
and angularity of flow, describes the channel sections 
best suited to accurate gaging, and covers in some detail 
the technique of flow determination under varying con- 
ditions in the field. 


PRECISION OBTAINABLE ONLY WITH Proper Use or RELIABLE 
METER 


r I NHE CURRENT METER is an indicator of the velocity at 
only one point in the cross-section of a stream; it does not 
measure flow directly. Flow may be obtained, however, 

with any reliable current meter more or less precisely depending 
upon the intelligence displayed in the use of this instrument in 
scanning the cross-section of the stream and the consideration 
given to the variations and disturbances in flow. Its use in mea- 
suring flow is analogous to the technique required in using the 
pitot tube or any other velocity-measuring instrument. Thus, 
perfect instruments do not insure precise measurements. The 
proper use of the current meter in integrating the velocities is as 
essential to a precise measurement of flow as the reliability of 
the current meter itself in indicating the correct forward compo- 
nent of velocity along its axis. 


Types or METERS 


Current meters in common use at the present time are generally 
classified, with respect to the type of their rotating element, as 
either cup or screw meters. 

The rotating element of a cup meter turns about a vertical 
axis. This type is being used extensively by the United States 
Geological Survey who have adopted the improved Price meter 
(see Fig. 1) as the most dependable current meter for use in the 
measurement of the flow of American rivers. 

The propellers of screw meters rotate about a horizontal axis. 
Meters of this type are available in many designs, the most com- 
mon of which are the Fteley, Haskell, Hoff, and Ott meters. The 


1 Deceased. Dr. Nagler was graduated from Michigan State 
College in 1914 with the degree of B.S. In 1915 he received the 
degree of M.S.E. and in 1917 that of Ph.D. from the University of 
Michigan. From July, 1909, to September, 1910, he was electric 
meterman with the Commonwealth Power Co. and from October, 
1914, to June, 1917, he was a graduate student in hydraulic engineering 
at the University of Michigan. From 1917 to 1920 Dr. Nagler was 
associated with Robert E. Horton, Consulting Engineer, Albany, 
N. Y., and in 1920 went to the State University of Iowa as assistant 
professor. In 1922 he became associate professor of mechanics and 
hydraulics and in 1928 he was appointed professor of hydraulic 
engineering at the State University of Iowa. Dr. Nagler held this 
position until his death, November 10, 1933. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., December 4 to 8, 1933, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Nots: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Haskell meter (Fig. 2) has been employed in measuring the dis- 
charge of some of the larger American rivers, the new Hoff meter 
(Fig. 3) has been used extensively in some of the western states, 
while Ott meters of several different designs (Figs. 4 and 5) are 
occasionally used in making the more precise measurements of 
flow in volved in laboratory work and hydroelectric development 


METER RaTINGs 


The characteristics of these meters as indicated by their rat- 
ings in still water are well known: 


(a) Meters are available which with good care maintain their 
rating in an entirely satisfactory manner for velocities greater 
than one foot per second.? 


Fie. Improvep Prick Current Meter 

(b) In contrast to the screw meter, the cup meter does not 
register properly near the water surface or the walls of the chan- 
nel. 

(c) Like all instruments of precision, meters of the same type 
differ in their rated characteristics. They also give different 
results with different types of support. Hence, in rating, meters 
should always be supported in the manner in which they are used 
in the field.‘ 


2 “The Rating and Use of Current Meters,”” by C. Rohwer, Tech. 
Bull. No. 3, Colorado Agric. College, p. 126. 

3 “‘Accuracy of Stream Measurements,” by E. C. Murphy, Water 
Supply and Irrigation Paper No. 56, 1901, U. S. Geological Survey. 

“Behavior of Cup Meters Under Conditions Not Covered by 
Standard Ratings,” by F. C. Scobey, Jour. of Agric. Research, 
May 25, 1914, pp. 77-83. 

“The Rating and Use of Current Meters,” by C. Rohwer, Tech. 
Bull. No. 3, Colorado Agric. College, p. 126. 

4 ‘Accuracy of Stream Measurements,” by E. C. Murphy, Water 
Supply and Irrigation Paper No. 56, 1901, No. 95, 1903, U. S. Geo- 
logical Survey. 

‘Meter Ratings With Various Suspension Arrangements” and 
“The Rating and Use of Current Meters,” by C. Rohwer, Tech. 
Bull. No. 3. Colerado Agric. College, pp. 127 and 128. 
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Fig. 3 Horr CurRENT METER 


Fie. 4 Orr Current Meter—Tyre VIB 


Fic. 5 Orr Current Meter—Type V 


(d) Ratings at tangent stations have generally been consid- 
ered to be more reliable than ratings made at rotary stations. 
However, there is generally good agreement between the results 
obtained at tangent and rotary stations, although a small differ- 
ence in rotation of the meter has been observed at some rotary 
stations.5 


Srmu-Water Ratinc Vs. PERFORMANCE IN FLowinc WATER 
The streamline filaments encountered by a current meter 


§ Discussion by Charles M. Allen, Proc. Engrg. Soc. of Western 
Pa., vol. 30, 1914-1915, pp. 401-402. 

“The Rating and Use of Current Meters,’’ by C. Rohwer, Tech. 
Bull. No. 3, Colorado Agric. College, pp. 128-130. 


when towed through quiet water are obviously quite different 
from the more or less perturbed movements of water that strike 
the rotating element of a meter when held stationary in a flowing 
stream where parallel filaments of flow seldom are seen and cross 
currents, vortices, and eddies are frequently encountered. 

A few attempts have been made to discover the difference be- 
tween still-water ratings and performance in flowing water by 
towing the meter with and against a steady current.* At ordinary 
velocities the still-water rating has given no different result from 
that obtained in mildly flowing water. However, to date, these 
tests have been made only in well-behaved water with only a 
mild current, hence the only conclusion that may safely be drawn 
is that still-water ratings should give satisfactory indication of 
meter performance when ideal conditions of flow are encountered. 
Towing experiments of this type in streams with higher velocity 
and greater turbulence are needed to check the results obtained 
by analytical methods. 


Errect OF TURBULENCE 


When a current meter operates in a turbulent stream, the ac- 
tion of the water upon the propeller differs from the action of the 
streamline flow encountered in rating, in that 


(a) The velocity of successive portions of the stream coming 
in contact with the propeller may vary rapidly in mag- 
nitude 

(6) The distribution of the filaments of velocity over the 
plane of the propeller may not be uniform 

(c) The water frequently strikes the rotating element at an 
oblique angle 

(d) The obliquity of the current coming in contact with the 
propeller may vary rapidly in direction. 


Error Dus to Inertia OF Rotating ELEMENT 


The error in registration due to failure of the meter to respond 
to rapid changes in water velocity has been studied both by os- 
cillating the meters in an upstream and downstream direction 
while being towed in still water and also by producing similar 
oscillations while measuring the velocity of flowing water. Under 
the influence of rapid variations in the velocity of the flowing 
water, experiments have indicated that all types of meters give 
satisfactory performance unless the velocity is exceedingly low, 
or unless upstream velocities are encountered. The meters 
with light aluminum or rubber propellers give no better perform- 
ance in this respect than those with rotating elements made of 
brass or copper.” In this connection it is interesting to note that 
the Robinson cup anemometer over-registers in gusty winds of 
variable speed.® 


Errect oF OBLIQUE CURRENTS 


The effect of oblique currents on various types of meters has 
been studied by towing meters in still water with the meter axis 
inclined at various horizontal and vertical angles, by holding the 


¢“Uber die Umlaufbewegung der hydrometrischen Fligel,” by 
Hajos, 1902. 

“The Rating and Use of Current Meters,” by C. Rohwer, Tech. 
Bull. No. 3, Colorado Agric. College, pp. 56 and 57. 

™ “Characteristics of Cup and Screw Meters,’’ by B. F. Groat, 
Trans. A.S.C.E., vol. 76, 1913, pp. 819-840 and 852-870. 

“Chemi-Hydrometry and Its Application to the Precise Testing 
of Hydroelectric Generators,” by B. F. Groat, Trans. A.S.C.E., 
vol. 80, 1916, pp. 1231-1271. 

“Effect of Turbulence on the Registration of Current Meters,’”’ by 
David L. Yarnell and Floyd A. Nagler, Trans. A.S.C.E., vol. 95, 
1931, pp. 780-784. 

*“The Effect of Inertia on the Motion of an Anemometer Cup 
Wheel Exposed to a Wind of Variable Speed,’’ by G. Grimminger, 
Bull. Amer. Meteorological Soc., June-July, 1933, pp. 161-164. 
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HYDRAULICS 


meters stationary in a steady current with the meter axis turned 
at various angles to the direction of flow, and by oscillating the 
meter laterally or vertically while towing it in still water.*'°'! The 
results of all such experiments are in fair agreement, and appar- 
ently the effect of oblique currents upon the registration of vari- 
ous types of meters can be determined with satisfactory precision. 
The following significant facts have been determined from these 
tests: 

(a) Screw meters under-register the forward component of 
oblique lateral currents while cup meters over-register. How- 
ever, at small angles some older types of screw meters have been 
known to over-register slightly, while some newer types have 
practically perfect characteristics. 

(b) Oblique vertical currents are also under-registered by screw 
meters, while cup meters may slightly under- or over-register the 
forward component of these same currents, depending somewhat 
upon the type of cup meter and whether the current is upward 
or downward. 

(c) The interference of the meter frame is such that the regis- 
tration of the forward component of an oblique current varies 
slightly, depending upon whether the current approaches the 
meter from right or left and from above or below. 

(d) All meters show a slight variation in the percentage of 
over- or under-registration of the forward component of oblique 
currents of a given angle depending upon its velocity. 

(e) The Haskell and Hoff meters under-register ordinary ob- 
lique currents to a greater extent than the Price meter over-regis- 
ters these same currents. 

(f) The best characteristics are shown by the Ott meter. If 
the obliquity does not exceed 20 deg its effect upon the registra- 
tion of the better designs is negligible. 


OTHER Errects oF TURBULENCE 


Very few published data are available upon the effect of non- 
uniform velocity distribution over the plane of the propeller and 
rapid changes in direction and obliquity of the stream filaments. 
Although there are records of many flow measurements by cur- 
rent meter compared with other standard methods, the results 
cannot be considered conclusive since the technique of using 
the meter and the other standard method may have entirely 
obliterated the deviation in meter characteristics due to tur- 
bulence. 

Perhaps the Iowa tests,!? in which various meters were held 
at fixed points in violently turbulent streams, are most significant 


* “On the Current Meter, Etc.,” by F. P. Stearns, Trans. A.S.C.E., 
vol. 12, 1883, pp. 301-338. 

“An Investigation of the Use and Rating of the Current Meter,” 
by C. P. Rumpf, Engineering News, vol. 71, 1914, pp. 1083-1084. 

“The Measurement of the Velocity of Flowing Water,’”’ by L. F. 
Moody, Proc. Eng. Soc. of Western Pa., vol. 30, 1914-1915, pp. 
320-322. 

“Behavior of Cup Meters Under Conditions Not Covered by 
Standard Ratings,” by F. C. Scobey, Jour. Agric. Research, May 25, 
1914, pp. 77-83. 

“The Rating and Use of Current Meters,’’ by C. Rohwer, Tech. 
Bull. No. 3, Colorado Agric. College, pp. 35-51. 

10 Discussion by E. H. Brown and Floyd A. Nagler, Proc. Eng. Soc. 
of Western Pa., vol. 30, 1914-1915, pp. 415-424. 

“Effect of Turbulence on the Registration of Current Meters,” by 
David L. Yarnell and Floyd A. Nagler, Trans. A.S.C.E., vol. 95, 
1931, pp. 784-791. 

11 “Characteristics of Cup and Screw Meters,” by B. F. Groat, 
Trans. A.S.C.E., vol. 86, 1913, pp. 819-840 and 852-870. 

“Pitot Tube Formulas, Facts and Fallacies,” by B. F. Groat, 
Proc. Eng. Soc. of Western Pa., vol. 30, 1914-1915, pp. 351-366. 

“Chemi-Hydrometry, Etc.,” by B. F. Groat, Trans. A.S.C.E., 
vol. 80, 1916, pp. 1231-1271. 

12 “Effect of Turbulence on the Registration of Current Meters,” 
by David L. Yarnell and Floyd A. Nagler, Trans. A.S.C.E., vol. 95, 
1931, pp. 770-780. 
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in that the various meters arranged themselves in exactly the 
same order in degree of over- and under-registration as that 
determined by test of these same meters in smoothly oblique 
flow. This fact tends to support the present practice of precise 
measurements in turbulent water where the amount of absolute 
error in measuring the forward component of velocity is deter- 
mined by measuring this velocity with two meters of different 
under- or over-rating characteristics. The difference in regis- 
tration applied to the “oblique characteristic curve” indicates 
the absolute error of the meter giving the better performance. 
Hence, this average obliquity is assumed to represent a rather 
obscure measure of the degree of turbulence. 


Use or Current METER 


As a metering instrument, all that is expected of the ideal cur- 
rent meter is that it register the true forward component of ve- 
locity of only that filament of the stream encountering the pro- 
peller. Whether this instrument or any other instrument that 
indicates only the velocity at a single point in the cross-section 
of a stream can be used to obtain a precise measurement of the 
flow of a stream, raises a question which is entirely independent 
of the considerations that have thus far been given to meter 
characteristics. The current meter can be used to scan the ir- 
regularities in velocity across the section of a stream, but the 
precise measurement of flow demands that this scanning be 
thoroughly done and that there be no doubt as to the exact cross- 
section of flow. 


IpEAL SEcTION 


In addition to a section free from turbulence so that the meter 
performance will be beyond question, the ideal location for a 
precise current-meter measurement should (a) insure reliable 
scanning by the maintenance of steady flow, with the minimum 
amount of irregular variations in velocity throughout the sec- 
tion; (6) furthermore, in order to accurately measure the area 
of the cross-section, the metering section should be fixed and 
regular. It is ridiculous to expect to obtain a precise measure- 
ment of flow where the bed of the stream is rocky and irregular 
or soft and movable. Unfortunately, ideal sections seldom 
exist, and the degree of precision attained in a measurement can 
always be gaged by the extent to which the ideal section is real- 
ized. 

Sreapy 


Water generally moves in pulsations and waves. Flow cannot 
be measured precisely with current meters when the pulsations 
are large in magnitude, or when the rate of discharge is changing 
rapidly. Increase in the number of meters and period of obser- 
vation may reduce errors in certain cases of unsteady flow. 

Expanding cross-sections must be avoided. Due to the steady- 
ing influence of contracting channels, sections located where flow 
is accelerating often give better measuring conditions than chan- 
nels with a uniform cross-section. 

Excellent metering conditions were encountered in a vertical 
section through the nappe of water discharging at a depth of 
eleven feet over the Keokuk spillway."* Meter readings could 
be duplicated to the tenth of a second at any given point. The 
accelerating water was absolutely steady, and lacked the pulsa- 
tions in velocity commonly encountered in most measurements. 
Converging irrigation flumes have also been found by Rohwer 
to furnish the best conditions for current-meter measurements. '* 


13 “Experiments on Discharge Over Spillways and Models, Keokuk 
Dam,” by Floyd A. Nagler and A. Davis, Trans. A.S.C.E., vol. 94, 
1930, pp. 777-844. 

44“*The Rating and Use of Current Meters,” by C. Rohwer, 
Tech. Bull. No. 3, Colorado Agric. College, pp. 120-122. 
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CONDITION OF FINAL FLOW 


CONWTION OF INTIAL FLOW 
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Fie. 6 VeEtocitizgs IN OpEN WHEEL Pit, 10 Fr Upstream From 
TURBINE 
(Velocity contours in ft per sec; discharge = 344 cfs.) 
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Width feet 
Velocity Contours in feet per second 


Fie. 7 10 Fr Downstream From 
OvuTLeT or Etpow Drart 
(Velocity contours in ft per sec; discharge = 330 cfs.) 


Width — Feet 


Fic. 8 DiscHarGeE MEASUREMENT BY CURRENT AT SECTION 
2 Fr Downstream From TrasH Racks WitTH INTERFERENCE BY 
SuprorTiInG BEAMs AND Posts 
(Velocity contours in ft per sec; discharge = 241 cfs.) 


Unstable conditions of flow must also be avoided. In an other- 
wise good metering section a complete turnover in velocity dis- 
tribution has been experienced during a measurement. Either 
distribution shown in Fig. 6 could be secured, depending upon 
whether the condition was approached with increasing or decreas- 


ing flow. Such changes in flow distribution, if near the water 
turbine, are not without effect upon the turbine efficiency. 


Type oF SEcTION GENERALLY ENCOUNTERED IN WATER-POWER 
DEVELOPMENTS 


Unfortunately, ideal current-meter sections are seldom pro- 
vided in the construction of water-power plants. In this country, 
current meters have been used mainly to measure the discharge 
of low-head plants with open-flume settings where the current 
meter has generally offered the only means of more or less pre- 
cise measurement. Draft-tube design has not yet reached the 
plane where flow conditions in short tailraces are at all adequate 
for the precise measurement of flow. The distortion of contours 
in Fig. 7 is only a mild indication of the actual disturbances in 
the tailrace. 

Generally, the flow is metered upstream from the water tur- 


Vebcity Contours ir feet per second 


Fic. 9 DiscHarGp MEASUREMENT BY CURRENT IN INTAKE 
FiumMe DownsTREAM From TrasH Racks 
(Velocity contours in ft per sec; discharge = 72.8 cfs.) 
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Fic. 10 DiscHarGe MEASUREMENT BY CURRENT METER AT SECTION 
7 Ft DownstTrREAM From TrasH Racks 
(Velocity contours in ft per sec; discharge = 190.5 cfs.) 
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Fig. 11 DiscHarGe MEASUREMENT BY CURRENT METER AT SECTION 
IN APPROACH FLUME To VacuuM SETTING 
(Velocity contours in ft per sec; discharge = 597.3 cfs.) 
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Fie. 12 Current-Meter Hoist 


bine in the headrace or intake flume. The opening at the head 
gate or stop log groove has usually been chosen as the best avail- 
able section, although dead water and turbulence caused by con- 
tractions around curtain walls, pier noses, trash racks and their 
supports often introduce complications into the metering section. 
Sometimes these may be eliminated at slight expense by the con- 
struction of false guide walls. As many meters as desired may 
be mounted on a frame using the slots for guides to lower and hold 
the meters in the gaging section. If available, a gaging section 
upstream in the headrace generally is preferred to metering in 
the power house or too near the unit itself. 

Fig. 8 shows the type of velocity distortion obtained when op- 
erating downstream from and adjacent to interfering posts and 
rack supports. It is generally impractical to scan the velocities 
in a section of this type with great accuracy. Sections located 
a greater distance downstream from the trash racks give better, 
although not ideal, metering conditions as shown in Figs. 9 and 
10. The distribution shown in Fig. 11 was almost ideal. 


SUSPENSION OF METERS 


If the variation in velocities across the metering section is to 
be determined by measuring the velocities at a limited number 
of points, the place at which the meter is operated must be ex- 
actly known. Thus, suspension of the meter by cable is in gen- 
eral eliminated as a feasible procedure in precise measurements 
of flow. Usually suspension from rods will insure the required 
accuracy in location, although. it may be necessary to support 
the rods from a rigid frame, by stay wires, or a specially designed 
hoist similar to that shown in Fig. 12. 


Front Stovation 
oe 
ar 
5 
& 
2 3 4 5 7 9 10 
Distance Across Channel — Feet 


Fic. 13 Water-Surrace Contours IN CHANNEL AROUND Pier 
(Test No 2; discharge 24.1 cfs.) : 
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Channel Bottom 


WioTH oF FEET 


When rigidly supported by 
a rod, meters have generally 
been found to rotate faster than 
with cable suspension. Hence, 
they should be rated with this 
same type of support. 

When steady oblique cur- 
rents of high velocity are en- 
countered, it may be advisable 
to allow the meter to swing in 
line with the filaments of flow 
making an accurate measure- 
ment of the angle, rather than 
attempting to operate the meter 
cross-wise with the current. 

The obstruction offered by 
the supporting rods or frame 
may tend to retard or some- 
times even accelerate the rota- 
tion of the meter, depending 
upon the location of the meter 
with respect to the obstruction. 
A picture of the alteration in 
current velocities adjacent toa 
14-in. obstruction in a 10-foot 
channel is shown in Figs. 13 
and 14. Current velocities are 
decreased immediately ahead 
of the obstruction, but not for 
a great distance, and there is 
considerable acceleration of the 
filaments of flow curving around 
the obstruction. The possible 
effect of objects near the meter 
is so questionable that meters 
should always be rated in the 
manner used in the field. 


NuMBER AND DISTRIBUTION OF 
MEasuRING PoInts 


One may compute by formula 
the number of points required 
to adequately scan the cross- 
section of a stream," but con- 
sideration must always be given 
to the configuration of the ve- 
locity diagram. Measurements 
using only one point located 
at */; depth, two points in a 
vertical at */19 and 8/1) depth 
or three points in a vertical at 
2/10, ®/10, and 8/19 depth are not 

4% Swiss standard for water 
measurements gives n = 4.3 to 
7.65 X +/A, where A is the area 
in sq ft and n the number of mea- 
suring points. 


Fie. 14 (Lerr) Vetocrry Dis- 
TRIBUTION IN CHANNEL AROUND 
Pizr—Test No. 2 
(Single pier in center of channel; 
width = 1.17 ft, length = 4.67 ft; 
square nose and tail with nose at 
sta. 2.63 and tail at 7.30; discharge 
past pier measured by sharp-crested 
weir = 24.1 cfs; contours plotted at 
0.5 ft per sec interval.) 
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adequate for precise measurements. In order to reproduce a 
curved velocity surface by observations at a limited number of 
points, measurements must be made at a sufficient number of points 
to define the velocity surface throughout the entire cross-section. 


HYD-57-1 65 


the tiny meter shown in Fig. 18. The friction in this meter has 
been reduced to the extent that a “straight line” velocity rela- 
tion is obtained for current velocities as low as one-tenth of a foot 
per second. 


NuMBER OF Merers 


1 4 
a + 100 + 
ope 
0 I0 


— 


Fie. 15 DiscuarGe MEASUREMENT BY CURRENT Meter at Section 5 Fr Angap 


or Trasu Racks 
(Velocity contours in ft per sec; discharge = 807 cfs.) 


Hence, measuring points should be distributed so that they are 
more numerous where the curvature in the velocity surface is 
greatest. Thus, a closer spacing of the verticals and points on 
the vertical is generally required as one approaches the periphery 
of the ‘cross-section. An irregular distribution of vertical trav- 
erses to meet a distorted condition of flow is shown in Fig. 15. 
In some instances it has been necessary to use a shrouded meter 
similar to the Ott meter shown in Fig. 16, or build a special guard 
around the meter to protect the propeller against injury in sec- 
tions adjacent to the walls or bottom. The guard shown in Fig. 
17 caused a two per cent retardation of the meter, although no 
portion of the frame was within an inch of the propeller. 

The number of verticals is generally reduced to a minimum, 
consistent with accuracy. Reducing the number of verticals to 
one-half has been found to double the error, and further reduction 
to one-quarter has tripled the error. In any event, a preliminary 
exploration of the section is advisable to fix the meter traverses 
in their proper locations and to determine the number of points 
required for each traverse. Care should be exercised that there 
is no unbalance between the vertical and horizontal spacing of the 
measuring points. 

Small meters are preferred for use in small measuring sections. 
The United States Engineer Department while engaged in model 
research at the Iowa Institute of Hydraulic Research developed 


Fie. 16 Orr Current Meter—Typs X—Wirs Crrcunar 
GUARD 


Pe =) The simultaneous use of one meter for each 
vertical traverse is generally the maximum prac- 
tical desideratum. If only one or a few meters 
are available, the measurement consumes more 
time and for precision requires steadier flow. 
Where conditions are stable, one meter may be 
permanently installed at a single point as an in- 
dex to general flow conditions, but the record of 
an index meter does not constitute a precise mea- 
surement of flow. 

The mean velocity in a vertical traverse is gen- 
erally determined by plotting the velocity read- 
ings at the specific measuring points. How- 
ever, the average velocity is sometimes obtained by moving 
the meter at a constant speed through the vertical—thus obtain- 
ing a single “integrated” reading—or by both moving and stop- 


Fie. 17 Orr Current Meter—Tyrpe [Va—Wirs SpeciaL MetTau 
GUARD 


Fie. 18 Meters ror LABoraTory SERVICB 


(Developed in 1931 at Iowa Institute of Hydraulic Research by United 
States Engineer Dept.) 


ping for a fixed period at predetermined equally spaced points, 
thus obtaining a single “semi-integrated” reading as well as ve- 
locity measurements at definite points from which the vertical 
velocity curve may be drawn. Mr. Strieff has suggested the 
use of the Tchebycheff formula for determining the proper loca- 
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tion of any number of points in the vertical, the arithmetic aver- 
age of which will give the true mean vertical velocity.'* All of 
these methods are designed primarily to save labor and time. 
They are not, however, fool proof against gross error, and to be 
used with confidence the measuring section must be a good one. 


MEASURING TURBULENT FLOW 


The existence of turbulence greatly reduces the reliability of 
current-meter measurements. If the turbulence is mild, the 
better Ott meters may be trustworthy alone, although the cup 
meters are not. However, as already mentioned, the use of two 
types_of meters with different registration characteristics is ad- 


380, 


thit #7 


Zscharge 12 Cub feet Fer 


6 7 8 
Apparent Gore 7enths 
Fie. 19 DiscHarGe MEASUREMENTS BY CURRENT METER FOR Two 

Srur.ar 74-In. TURBINES 
(Separate settings; metering sections reduced to head of 8 [{t.) 


9 70 


visable, since the differences between their registration may be 
used as an index to the amount of the correction to be applied to 
the more accurate of the two meters. 


CoMPARATIVE TESTS BY CURRENT METER AND OTHER METHODS 


Many tests have been made to establish the error or validity 
of current-meter measurements by the simultaneous measure- 
ment of the same flow by other methods. Although significant 
and interesting, the results are not always conclusive, since either 
the technique of using the current meter may be questioned or 
errors may be involved in the standard of comparison itself. 
Thus F. P. Stearns,” in comparing current-meter measurements 
with a weir, found that the degree of agreement depended upon 
the use of the meter. 

Perhaps only those who have obtained good comparative re- 
sults with current meters have ventured to publish the fact. 
At least, engineering literature contains many verifications of the 
reliability of current-meter measurements. The following ex- 
tracts from a few may be worthy of note. 

E. C. Murphy" concluded that the Price meter can be used 
under ideal conditions to measure discharge within 1 or 2 per 
cent, but bad use of the meter under abnormal conditions pro- 
duced departures of 40 per cent from the weir discharge. In a 
series of 50 measurements in the Cornell Laboratory Canal, mea- 
surements by Haskell and Price meters showed a maximum varia- 
tion of 4.8 per cent, but twenty of the tests showed differences of 
less than 1 per cent. 

W. B. Gregory"® obtained a maximum variation of 2 per cent 


16 Trans. A.S.C.E., vol. 95, 1931, pp. 859 and 860. 

17 Tbid., 1883, pp. 301-338. 

18 Water Supply and Irrigation Papers 47, 64, U. 8S. Geological 
Survey; also Trans. A.S.C.E., vol. 1902, pp. 370-391. 

’ Trans. A.S.C.E., vol. 28, pp. 745-769. 


and an average variation of 0.1 per cent when compared with a 
pitot tube in measuring pump discharge. 

The current-meter measurements made at Massena by B. F. 
Groat* agreed with the hydrochemical gagings with an error of 
less than 1 per cent. He concluded that results of a “remarkably 
high degree of precision can be obtained, even under very un- 
favorable hydraulic conditions, with meters of properly related 
types in conjunction with an intelligent statistical study of their 
performance.” 

Robert E. Horton*' states that the current meter has been a 
much abused instrument, and under suitable conditions it may 
quite certainly give results accurate within less than 1 per cent. 

In 1914, A. Strieff made measurements of flow with Ott 
current meters at the Croton, Michigan, power house all of which 
agreed with hydrochemical gagings within 1.3 per cent. 

F. C. Scobey measured discharge through wood-stave pipe?* 
simultaneously by color, weir and current meter, with differences 
varying from zero to 6 per cent. 

D. L. Yarnell made 102 comparative discharge measurements 
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Fie. 20 DiscHarce MEASUREMENTS BY CURRENT METER IN 
SeparRaTeE INTAKE FLumMEes LEADING To Two 74-In. Tur- 
BINES AT Sections 6 Ft DownsTREAM From Racks 


(Velocity contours in ft per sec; both sections give identical discharge of 
362.5 cfs under head of 8 ft.) 


with pitot tube, weir and current meter during the period 1922- 
1924 at the University of Iowa Laboratory.** From those tests 
he concluded that the current meter can be used with less error 
than the pitot tube, and with care the error may be reduced be- 
low 2 per cent. 

The recent comparative flow measurements of Carl Rohwer* 
show the magnitude of the errors that might be anticipated with 
different methods of using the meter. It is unfortunate that 
most of the comparisons are based upon flow over an uncali- 
brated contracted weir and that the “multipoint method” was 
not properly applied. However, his conclusions agree with those 


* Trans. A.S.C.E., 1916, p. 1233. 

21 Ibid., 1916, p. 1283. 

22 Bull. 376, U. S. Dept. of Agric. 

23 ‘Comparison of Discharge Measurements by Weir, Pitot Tube, 
and Current Meter’ (unpublished thesis). 

% Tech. Bull. No. 3, Colorado Agric. College. 
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from other investigations, that reasonably accurate measurements 
can be made by the use of the current meter. 

Many European tests have confirmed the reliability of flow 
measurements by current meter mostly under ideal conditions. 
Perhaps the experiments of O. Kirschmer and B. Esterer*® are 
the most convincing. All measurements with the Ott current 
meter checked reliable volumetric measurements within a maxi- 
mum error of 1 per cent. 

Fig. 19 shows the results of flow measurements made by 
current meter on two similar 74-inch water turbines in different 
wheel pits, requiring the use of individual metering sections. 
The velocity contours for full gate at the two sections are shown 
in Fig. 20. The close agreement, which could hardly be im- 
proved upon by any other method of water measurement, cannot 
be the result of an accident. 


PRECISION IN WATER MEASUREMENTS 


Perhaps the word “precise” as applied to water measurements 
is merely a relative term. As applied to a current-meter mea- 
surement, the measure of precision no doubt depends upon the 


% Zeit. V.D.I., 1930, vol. 74, no. 44, p. 1499. 
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accuracy obtainable with other methods, all of which must ul- 
timately be gaged by the measurement of the actual volume or 
weight of water concerned. However, there are no scales and 
but few measuring basins large enough to hold the discharge 
commonly measured with meters. 

Even in the laboratory, errors of 1 and 2 per cent are commonly 
made by inexperienced engineers in so simple an experiment as 
checking a gravimetric measurement against a volumetric test. 
It is not surprising, therefore, to encounter greater errors than 
these in the inexperienced application of the more complicated 
methods of measurement of larger flows in the field, where the 
current meter has sometimes been selected as the last alternative 
where no other method can be applied. 

Under ideal conditions, the best current meters can be used to 
secure precise measurements of flow, dependable within 2 per 
cent, and if used intelligently in the hands of experts, the devia- 
tion from the true value should not exceed 1 per cent. If con- 
ditions are not ideal, the degree of precision with current meters 
may still be better than with any other known method, and the 
accuracy of the result will depend upon the extent to which the 
metering conditions depart from the ideal. 
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Report on Oil-Engine Power Cost for 1933 


cost of oil-engine power plants. Production cost in 

the meaning of this report is defined as consisting of 
the following items: fuel cost; lubrication cost; cost of 
attendance and superintendence; cost of supplies and mis- 
cellaneous; cost of engine and plant repairs. 

The report includes information from 156 oil-engine 
generating plants, containing 398 engines, totaling 
216,010.5 rated bhp. The total net output for the 156 
plants in this report amounted to 259,209,519 kwhr. The 
coverage of this report as compared to that of previous 
reports is shown by the following tabulation: 


fin report presents information on the production 


Year of report. 1929 1939 1931 1932 1933 
Number of plants 36 94 119 140 156 
No. of engines... 107 283 330 377 398 
Total rated bhp. 68,775 161,583 190,768 213,910.5 216,010.5 
Total output, net 

134,766,761 309,369,930 333,066,644 282,466,690 259,209,519 


The engines listed in the report are full-Diesel, vertical 
type and direct-connected to generators, unless otherwise 
noted in Table III. All Diesel plants listed are located in 
the United States. 

Plant Numbers. The system used in former reports of 
designating plants by numbers has been retained. Num- 
bers identifying plants previously reported correspond to 
the same plants in this report. 

Period Covered. All but two of the plants of this report 
submitted data for a period of exactly 12 months each. 
Of the two exceptions, one submitted for a period of 9.3 
months; the other for a period of 7.2 months. 

Bases for Costs and Performances. Unit costs referred 
to in this report were calculated on the basis of net kilo- 
watt-hours. The net kilowatt-hour output is found by 
subtracting the power used for plant auxiliaries and sta- 
tion lights from the total gross output of the plant. 

Figures given for power output per gallon of fuel oil 


and of lubricating oil were calculated on the basis of the. 


gross output of the individual units and plants. 
Formulas defining running-engine-capacity factor, run- 
ning-plant-capacity factor, annual-plant-load factor, and 
plant-service factor are as follows: 
Running-engine-capacity factor, per cent 
Engine output in gross kwhr < 100 
~ Kw rating X number of hours operated 
Running-plant-capacity factor, per cent 
Plant output in gross kwhr x 100 
Total rated kwhr of individual units 
Annual-plant-load factor, per cent 
m Plant output in gross kwhr x 100 
~ ‘Peak load in kw x number of hours in period 
Plant-service factor, per cent 
Total rated kwhr of individual units x 100 
Total installed kw x number of hours in period 
The expression “rated kwhr” refers to the kilowatt 
rating of an engine-generator set multiplied by the num- 
ber of hours operated. For example, if a unit having a 
rating of 200 kw was operated 4000 hours, the rated 
kwhr equals 800,000, no matter what the actual output 
may have been. Thus the denominator of the expression 
for “Running-plant-capacity factor” and likewise the 
numerator for the “Plant-service factor” are arrived at by 
totaling the rated kilowatt hours of all plant units. In 
this report, the kilowatt rating of an engine-generator 
set is considered equal to: Rated bhp < 0.746 x 0.9. 


In the strict sense of its definition, the annual-plant- 
load factor cannot be correctly applied to data covering 
any period other than one year. However, the committee 
extended the application of this to plants operated 8760 
hr. plus or minus 2 per cent, using the actual number 
of hours in the denominator in each case. 


The formula for “Plant-service factor” requires further 
explanation for special cases. The expression is an index 
of the actual number of hours of operation as compared 
with the total number of hours installed for operation. 
Therefore, when some units have been installed for longer 
periods than have others in the same plant, account must 
be taken of the fact in the calculation. For example, as- 
sume that a plant is reported for a twelve-month period, 
during which time one unit rated at 200 kw, installed 
before the start of the period, was operated 5000 hours. 
Six months after the start of the period, a unit rated at 
300 kw was installed, and subsequently operated 2500 
hours. The plant-service factor in per cent is therefore: 


200 x 5000 + 300 x 2500 
200 x 8760 + 300 x 4380 


x 100 


Since the 300-kw unit was not installed during the 
entire 8760 hours, but only for 4380 hours, this adjustment 
must be made. 


Fuel and Lubricating-Oil Data. The lubricating-oil 
economies of 120 plants generating 95 per cent or more 
of their outputs by means of full-Diesel units are shown 
graphically in Fig. 1, in which the kwhr output per gallon 
of lubricating oil is plotted against running plant capacity 
factor. (Five of the full-Diesel plants did not report unit 
hours of operation, and running-capacity factor could 
not be calculated for these. One full-Diesel plant operated 
only a nominal length of time and did not require any 
lubricating oil. The amount of lubricating oil for one full- 
Diesel plant was not available.) Fuel-oil economies of 122 
full-Diesel plants are shown graphically in Fig. 2, in which 
the gross kwhr output per gallon of fuel oil is likewise 
plotted against the running-plant-capacity factor. (The 
same five plants which did not report units hours of 
operation are not included.) The values plotted in Fig. 2 
are not corrected for the heat content of the fuel or for 
altitude. The lubricating-oil and fuel-oil economies of 24 
plants generating more than 5 per cent of their output 
by means of semi-Diesel units are shown in Figs. 3 and 4, 
respectively. (Five plants generating more than 5 per 
cent of output by semi-Diesel units did not report unit 
hours of operation, and running-capacity factors could not 
be calculated for these.) 

The type of the plant was judged to be that of the 
engines generating 95 per cent or more of the gross out- 
put. The following types of plants are illustrated in Figs. 
1 to 4, inclusive: 

Diesel, four-stroke cycle, air injection 

Diesel, four-stroke cycle, mechanical injection 

Diesel, two-stroke cycle, air injection 

Diesel, two-stroke cycle, mechanical injection, sepa- 

rate scavenging 


1Submitted by the Subcommittee on Oil-Engine P. 
Oil and Gas Power Division, A.S.M.E.; H. C. 5 Ry 8 
ea of Public Utilities, Municipal Bldg., Rockville Center, 

Presented at the Seventh National Oil and Gas Power Meeting, 


State College, Pa., June 20-23, 1934, of Tae AMERICAN Soctety oF 
MECHANICAL ENGINEERS. 
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Plant Running Capacity Factor in Per Cent 
Fic. 1, LUBRICATING Om ECONOMIES OF 120 FULL DigsEL PLANTS, NoT INCLUDING 5 
FULL DIESEL PLANTS, RUNNING CAPACITY FACTORS FoR WHICH ARE NOT AVAILABLE, 
NOR ONE SUCH PLANT WHICH RAN A NOMINAL NUMBER OF Hours AND REQUIRED NO 
NEw LUBRICATING OIL, NOR ONE FOR WHICH LUBRICATING Or GALLONAGE Is NOT 
AVAILABLE 
(For Key to Plant Symbols see Fig. 2) 
Diesel, two-stroke cycle, mechanical injection, crank- Unless it is otherwise noted in Table III plants received 
case scavenging fuel oil in tank cars. 
Mixed-type full Diesel All fuel- and lubricating-oil costs include costs for the 
Mixed Diesel and semi-Diesel. handling of oil from the cars to the tanks. 
A median line was drawn on each chart, the number Cooling Water. The various water-cooling systems are 
of points above the line being equal to the number below. indicated by the following symbols: 
High and low boundary lines were drawn to include all but System A—Raw water going to waste after one pass 
10 per cent of the plants on the high and low sides, re- System B—Raw water recirculated after passing over 
spectively. cooling tower or spray pond 
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Fuel Economy in Gross Kw-hrs per Gal of Fuel Oil 


4 4a 
of Gross Output by 4-Stroke Air Inj. Units 
” 4- Mech. ” 
” ” ” ” Air 
oo Mixed Type Diese/ Units 
2 Note /- Separate Scavenging 2 
Note 2- Crankcase ” 
- No Deduction for Motor- Driven Scavengin 
Blowers, nor for Motor-Generator Excitation 
\ 
% 10 20 30 40 60 70 80 30 708 
Plant Running Capacity Factor in Per Cent 
Fic. 2. FUEL ECONOMIES oF 122 FULL DIESEL PLANTS, NOT INCLUDING 5 FuLL DIESEL 
PLANTS, RUNNING CAPACITY FACTORS FOR WHICH ARE NOT AVAILABLE 
(Not Corrected for Heat Content of Fuel nor for Altitude) 

System C—Soft water continuously recirculated, System F—Any of the foregoing systems with engine 
cooled by raw water going to waste after circulating water treated (added as a 
one pass through heat exchanger suffix) 

System D—Soft water continuously recirculated, Enforced Shutdowns. The term “enforced shutdown” is 
cooled by raw water also recirculated after defined as any stoppage caused by actual or imminent 
cooling by cooling tower or spray pond engine trouble. The duration of an enforced shutdown is 


System E—Engine circulating water cooled by radi- the time elapsing from the shutdown of the engine to the 


ator and fan 


time at which the engine is again ready for service. A 
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Fics. 3 AND 4, FUEL AND LUBRICATING Om ECONOMIES OF 24 PLANTS GENERATING 
More THAN 5 PER CENT OF OUTPUT BY SEMI-DIESEL UNITS, NOT INCLUDING 5 SUCH 
PLANTS, RUNNING CAPACITY FACTORS FOR WHICH ARE NOT AVAILABLE 


prearranged shutdown for maintenance work is not con- 
sidered an enforced shutdown. Regular maintenance time 
where listed is the total time put in on regular maintenance 
work whether or not the units were actually needed during 
the time. 

Peak Loads. The peak loads presented in the report 
are the highest average loads sustained for 15 minutes, 
unless otherwise stated in Table III. 

Repair Costs. All costs for repairs whether to engines 
only or to all other plant equipment, listed in Table I, 
include the cost of materials delivered at the plant in 
question and the cost of any extra labor employed for the 
-_purpose of making these repairs. Unless otherwise noted, 
however, these costs do not include any charges for work 
done by regular attendants. Correspondingly, unless other- 
wise noted, the costs given in Table I for attendance and 
superintendence have not been subject to deduction because 
of repair work done by the regular attendance crews. 

Attendance and Superintendence. Table III presents 
data on the number of shifts per year, the length of shifts 
and the number of attendants per shift, where these data 
are available. Table III also presents the net kwhr output 
per man hour of attendance for those plants operated by 
full-time attendance and also for those plants having 
part-time attendance, provided only one man out of at 
least four works part time. 

Supplies and Miscellaneous. Supplies in the meaning of 
this report include those items used in the power-generat- 
ing plant which are consumed in the operating process 
such as: waste, packing, wipers, gage glasses, gaskets, 
bolts, screws, nails, dynamo and motor brushes, cans for 
containing rags and waste, transformer oil and hand oil 
cans. The term “miscellaneous” as used in this report 
refers to such items as expenditures for lighting, heating, 
cleaning systems, fire-protection systems, janitor’s sup- 


plies, ice water, meals and carfare, stationery, telephone 
and toilet service and care of streets, yards and sidings. 


Type of load. The terms used for type of load are defined 
as follows: 


Complete Power—Plant run regularly alone when 
needed, without assistance from any base or peak- 
load service 

Base Load—Plant run at substantially full load when- 
ever its capacity can be used; usually supplemented 
by a peak-load service. When full or nearly full 
capacity cannot be used, plant is shut down 

Peak Load—Plant run only when load exceeds capa- 
city of regular source of power 

Standby—Plant run only when regular source of 
power is interrupted. 

For this investigation, the committee requested informa- 
tion also on the type of power supplemented by base load, 
peak load, and standby plants. Information obtained in 
accordance with this request is presented in Table I. 

Total Production Costs. Total production costs for 154 
plants reporting for one year each (plus or minus one 
month) are shown graphically on logarithmic coordinates 
in Fig. 5. In this chart total production cost in mills per 
net kwhr is plotted against specific output, or the output 
in net kwhr per year per kw of installed capacity. 

Calculations. The committee was assisted in its work 
by Messrs. Robert T. Brown and F. E. Bunbery, Jr. 
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TABLE II—COMPARATIVE COSTS—1929, 1930, 1931, 1932 AND 1933 REPORTS (Page 1) 
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9,065,633 
9,014,005 

030, 200 
4,105,401 
4,543,778 
4,484,700 
4,168,750 
4,281,230 
4,919,360 
4,378,509 
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262,329 


3,497 ,637 


3 
4 
4 
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2,475 
3,675 
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1932 
1933 
1932 
1933 


‘ON 


| 
43 | 1929 | 11,540 | 22,591,027 | ..... | 69.9] ....| 4.25] 3.82] 0.69] 0.60] .....] .....] .....] 2. = 
1930 | 11,540 | 26,221,176 46.1 70.4 57.8 4.37 3.95 0.53 0.94 0.21 0.67 0.05 0. ae wee 
1931 | 11,540 | 29,849,848 | 52.5] 73.2] 65.7| 3.78| 3.51] 0.47] 0.70] 0.28] 063] 022] 
1932 | 15,640 | 28,374,009 | 57.1 | 83.3| 46.0] 3.48| 3.23] 0.31] 0.86] 0.30] 0.56] O14] 1. 
| 1933 | 15,640 | 27,434,541 | 55.1] 74.3] 45.1] 3.39] 2.88] 0.23] 0.77] 0.09] 0.75] 0.23] 1. 
s2 | 1930 | 5,660 | 7,958,851 65.0] 35.9] 5.71] 5.22] 0.52] 3.73] 1.38] 1.91] 1.08] 4.37] 13.86] 1930] 82 
1931 | 5,660 | 8,778,880 69.0} 39:1] 5.13] 4.93] 0.45| 2.94] 0.92] 1.96] 1.22] 4.10] 12.42 | 1931 
| 1932 8,960 60.3 40.5 4.48 4.52 0.63 2.81 0.47 1.13 1.57 3.17 11.13 | 1932 ae 
| 1933 | 8,960 63.2| 30.0] 4.24| 3.94] 0.47| 2.74| 0.87] 1.37] 1:45] 3.69] 10.84 | 1933 
52 | 1929 | 3,330 65.3| 45.2] 5.58| 5.38] 0.55| 3.83] 0.88] 0.74| 0.40] 2.02] 11.78 | 1929| 52 
iI 1930 4,580 } 75.2 45.4 5.70 5.30 0.38 2.83 0.74 0.56 0.48 1.78 10.29 | 1930 ee + sees 
1931 4,580 78.6| 40.4] 4.83] 446| 0.30) 2.55| 0.63| 0.49] 0.38] 1.50] 8.81 | 1931 
| 1932 7,445 | 78.1 43.8 4.41 3.97 0.27 2.35 0.52 0.35 0.14 1.01 7.60 | 1932 mdse a © 
1933 | 7,445 78.3 | 29.0] 4.26] 3.75] 0.24 2.43 0.21 0.48 0.09 0.78 7.20 | 1933 
| 
73 | 1930 | 5,000 64.0} 44.4] 1.30] 1.34] 0.31] 2.62} 0.01} 0.10] 0.01] 0.12] 4.39] 1930] 73 
1931 | 5,000 66.3| 45.1] 0.95} 0.93] 0.26] 1.93] 0.13! 0.22} 0.05] 0.40| 3.52] 1931 
1932 | 5,000 66.4] 43.4] 1.22] 1.26] 0.29] 201] 0.16] 06.16] 0.02| 0.34] 3.90] 1932 
1933 | 5,000 67.2] 45.1] 1.60| 1.69] 0.32] 2.03] 0.08] 0.33] 0.02] 0.43| 4.47 | 1933 
45 | 1929 | 4,250 72.5| 43.6| 5.23] 5.04] 0.09] 1.65] 0.06] ....| ....| 0.92] 7.70] 1929] 45 
1930 | 4,250 | 69.5] 42.4| 5.29| 5.18] 0.09] 1.77] 0.04] 6710] 1:15] 8.20} 1930 
1931 | 4,250 66.5 | 36.6] 4.79| 4.89] 0.09 2.04 0.07 1.28 0.55 1.90 8.92 | 1931 
1932 | 4,250 62.1] 35.8| 3.87| 4.07] 0.11] 2.05] 0.05] 1.33] 0.32] 1:70] 7.93] 1932 
q 1933 | 4,250 56.9] 35.1| 3.10] 3.30] 0.16] 2.56] 0.07] 0.39] 0.15] 0.61] 6.63] 1933 
| 
| | | 3.23] 3.03] 0.49| 3.88] 0.31] 0.24] 0.48] 1.03] 8.43] 1932 | 111 
a 63.2} 37:6] 3.45| 3.29] 0.41] 3.27] 0.44] 0.25] 0.35] 1:04] 8.01] 1933 
i | 130 | 54.1] 50.7| 4.72] 4.59] 0.89] 1.36] 0.77] 0.82] 0.17] 1.76] 8.60] 1930] 130 
ia 67.0 31.4 4.19 3.93 0.56 1.58 0.71 1.96 0.18 2.85 8.92 | 1931 Re rae ot 
| 68.6} 31.3] 4.02) 3.83] 066] 1.65] 0.47] 0.68] 0.19] 1.34] 7.48] 1932 
67.8 | 36.5] 4.27| 4.27| 0.69] 1.50] 0.43] 0.37] 0:10| 0.90| 7.36] 1933 
| | 
157 82.3] 26.0] 4.16| 3.88] 0.24] 0.80] 0.24] 0.58| 0.05| 0.87| 5.79| 1932 | 157 
83.6 | 12.5] 4.48| 4.07| 0.31] 1.56] 0.32] 0.32] 0.02| 0.66] 6.60] 1933 
2| 1929] 3,450 | 94.4] 84.5] 2.71] 2.62] 0.33] 1.40] 0.13] .... 
1930 | 3,450 | 94.3 | 77.1] 2:18] 1.98] 0.45| 1:14] i 0:09 
1931 | 3,450 | 5 | 97.8| 89:8] 2.11] 2.00! 0.26] 1.09] 0.08} 0.09 
1932a| 3,450 | ..| 97.8| 91.2] 2.33] 2:22] 0.24] 1:03] 0.10} 0.08 
1933 | 3,450 | 97.3] 25:7] 1.92] 1:77] 0:15] 1.82] 0:11] 0.36] 0.04 
I 164 | 1930 | 3,360 81.4] 90.7| 72.7] 3.66] 2.91] 0.31 1.38] 0.16 1.12] 0.19 1.47 6.07 | 1930 | 164 eas 
1931 | 3,360 59.5| 76.3| 76.9] 3.34| 2.66| 0.28| 1:73] 0.35] 1.52] 0.30] 2:17] 6.84] 1931 
1932 | 3,360 | 80.0] 84.9] 2.59] 2:12] 0.27] 1:28] 0.55] 1.37] 0.46] 2.38] 6.05 | 1932 
1933 | 3,360 87-0] 401] 3:15] 0.29] 1:32] 0:24] 1:80! 0.60| 2.64] 7.41 | 1933 
77 | 1932} 3,000] 3,978,113| 34.9| 42.8] 68.9] 4.52| 4.25| 0.54] 2.10] 0.48] .... 0.97 | 7.86 | 1932] 77 
1933 | 3,000} 4,511,158 | 38.9] 39.3] 83.5| 4.91] 4.67] 0.48] 1.87] 0.35] 0.83] 1.19] 8.21 | 1933 
109 | 19300] 1,800] 985,909] ....| 48.1] 16.3] 5.53] 6.33] 1.26] 3.78] 0.88| 0.60] 0.11] 1.59] 12.96 | 19300] 109 
1931 | 2,925 | 1,858:860| 541) 30.3| 5.60| 6.29] 1.25] 2.32] 0.27] 0.80] 0 1.07 | 10.93 | 1931 
1932 | 2'925 959,606 | 49.2] 11.5] 5.69| 6.85| 0.64] 5.01] 0:24] 0.75| 0.10] 1.09] 13.59 | 1932 
1933 | 2,925 931,425 | 9.5| 47.9| 11.7] 5.95] 7.51| 0.73| 6.85] 0.90] 0.80] 0.10] 1.80] 16.89] 1933 
| 7} 1929] 1,830] 3,231,938 | 36.0] 64.8| 53.2| 5.77| 5.31] 0.86] 3.06] 1.34] ....| .... 8 | 12971 | 1929] 
1930 3]211,821 | 38.0] 61.8| 53.1] 4.79] 4.52] 0.35] 3.17] 1.19] 1:57] 7 | | 1930 
1931 | 21730 | 3]088:885 | 43.9] 57.3| 36.4| 3.43] 3.08] 0.39| 3.79] 0.68] 1.28] 0.51 7 3 | 1931 
1932 | 2,730 | 3]105:742 | 42.5] 57.9| 36.3| 3.27] 2.78] 0.25] 3.29] 0.42] 0.96] 0.39 7 1932 
1933 | 2/730 | 31114,320| 41.6| 57.5| 36.4] 3.80] 3.48| 0.27] 3.04] 0.35] 0.72| 0.58 5| 8.44] 1933 
732 | 1930 | 2,520 37.4| 59.7] 61.1] 3.65] 3.73| 0O.91| 1.61] .... .... | 2.08] 8.33 | 1930 | 732 
1931 | 2.520 25.0| 49.1| 44.1] 2.82] 3.68] 1.14] 2.19] 0:50] 1:33] 0:77] 2:69] 9.70] 1931 
1932 | 2/520 27.5| 50.4| 47.4| 3.17] 3.27| 0:73| 2.09] 0.57| 2:48| 0:37| 3.42] 9:51 | 1932 
1933 | 2,520 10.0| 52.0] 15.8] 2.62] 3.99] 1.25] 8.32] 1.55] 2.82] 0.35] 4.72] 18.28 | 1933 
1932 | 2,520 87:6] i7:5| 3.57] 3:11] 0:27] 1:41] 0:35] 5:53 | 1932 
| 1933 | 2/520 1.9| ....] .... | 3.97| 4.00] 0.47] 18.09] 4.04] 22:2] 9:78] 32.34] 1933 
| 60 | 1930 | 2,400 4.62| 5.54] 0.94) mmm] ....| ....| 14.53] 1930] 60 
| 1931 | 2,400 1931 
| 1932 | 2/400 4.69| 7.48| 0.73] 5.22] 0.60] ....] ....] 2.76] 16.19] 1932 
1933 | 2° 400 5.16| 9.83 | 1.52] 11.34] 0.25] ] Lian] 23.90 | 1933 
1149 | 1932} 2,400 cece | | 3.68] 8.19] 0.22] 1.90] O.87] ....] ....] 0.60] 6.00 
41] 1929] 2,370| ,798,810| 39.6| ....] ....] 5.51] 5.43] 0.48| 4.11] 0.24] 0.22] 0.07] 0.53] 10.55| 1929] mm 
1930 | 2'370 | | 39.2] 50.0| 44:2] 5.19] 5.09] 0.48] 4.08] 0.37] 0.63] 0.15] 1.15] 10.80] 1930 
1931 | 2'370| | 39.4| 67.3| 44.2] 4.57] 4.48] 0.51] 3.85] 0.25] 0.24] 0.13] 0.62] 9.46] 1931 
1932 | 2'370 | f'698;090 | 35.6| 65.5 | 41.0] 4.10| 3.86] 0.62] 4.05] 0.23| 0.26] 0.08] 0.57| 9.10] 1932 
1933 | 2'370| f'279'790 | 31.7| 59.7| 40.0] 4.37| 4.45] 0.66] 4.44] 0.39] 0.17] 0.39] 0.95] 10.50] 1933 
723 | 1930 | 1,320 270,520| 19.7| 68.0] 26.3] 5.62] 6.46] 1.15] 4.01] 0.39] 2.37] 0.97] 3.73] 15.35 | 1930] 723 
1931 | 2°370| | | 73:3| | 4.21| 4.23] 0:95| 3:56| 0:53| 0.86| 0.70] 2:09] 10:83 | 1931 
1932 | 2'370] 1/371/480| i0:9| 67.2] 15.4] 4.31| 4.13] 0.74] 3:71] 0.76] ....] .... | 2.55] 11.13} 1932 
| 1933 | 2'370| 1'349°'830| 10.2| 73.8| 13.7| 4.41| 4.24] 0.53} 4.59] 0.72| 06.28] 2.11] 11.47] 1933 
‘| 1930 | 2,170 |° 3,184,025 | 42.6| 67.3] 38.8] 3.33| 3.12] 0.46] 4.13] 0.08] 0.49] 0.31] 0.88] 8.59] 1930] 79 
| 1931 | 2,170 204,390 38.6| 66.8| 39.6] 2.62] 2.38] 0.30} 3.31] 0.13] 0.20] 0.13] 0.46] 6.45 | 1931 
1932 | 2'170 | 3'280'357 | 39.3| 66.4| 40.6| 2.49| 2.21] 0.45] 3.53] 0.23] 0.34| 6.53] 1932 
1933 | 2'170] 35065,966| 41.0| 64.8] 39.1] 3.23] 2.88] 0.52] 3.12] 0.43] 0.39] 0.82} 7.34] 1933 
| 1929] 2, 4.15| 5.45| 1.77] 11.61] 3.56] ....| ....] 17.99] 36.82] 1929] 5 
| 1930 | 3°160 4.04| 4.86| 1.25] 5.56] 1.14] 8:17] 19.84] 1930 
1931 | 2'160| 1'789,653| 10.0] | 3.33] 3:86] 0.80] 2.15] 2.18] 8.99] 1931 
1932 | 2)160 | 2,597,100 | 21.5| 94.4] 2 3.54| 3.90] 0.65] 1.31] 0.53} 130] 7.25] 1932 
| 1933 | 2/160 4.02] 4.59] 0.54] 3.65] 0.45] 110] 9:80] 1933 
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qgnd 


360 | Net Generatjion Negijative in| 1933. 
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1932 


152 
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r 

1 

| 
al = 
648 | 1931 800 | 1,180,517 | 32.1| 80.9] 31.7] 3.53] 3.23] 0.38] 2.97] 0.76] 0.02] 0.06] 0.84] 7.42 | 1931 | 648 
1932 800 | 1,068,900 | 31.3] 70.2] 33:2] 3.23] 3:12] 0:39] 3:13] 0.40] 0.46| 0.11] 0:97] 7.61 | 1932 

1933 | 800 | 1,095,200] 32:1| 67.6| 35.4| 3.90] 3.64] 0.43] 2.84] 0.28] 0.16] 0.05] 0.49| 7.40 | 1933 

112 | 1930 740 | 1,165,300] 29.7] 68.1| 42.2] 4.43] 5.19] 0.83] 5.46] 0.19] 0.54| 0.12] 0.85] 12.33 | 1930 | 112 
1931 740 | 1,195,128] 34:8] 71.3| 41.8| 3.42| 3.47] 0.74] 5.38] 0.18] 0.35] 0.25] 0:78| 10.37 | 1931 

1932 | 740| 1,443,130] 41.9| 75.8| 46.7| 3:52] 3.57] 0.64] 4.19] 0.23] 0:06] 0.04] 0.33] 8.73 | 1932 

1933 | 740 | 1,104,807 | 34.1| 63:1| 43.4| 3:78] 3.94] 0.69] 5.28| 0.25] 0.31] 0.05] 0.61] 10.52 | 1933 

67 | 1929] 720] 1,163,600] 64.0] 79.1] 33.7] 5.94| 6.03] 0.55] 1.60] 0.21] 0.04] 0 0.25| 8.43 | 1929] 67 | 
1930 | 1,098,900 | 58.4] 82.9] 30.3] 4.97| 4.73] 0:71] 1:70] 0.23] 1.03] 0.02] 1:28] 8.42 | 1930 

1931 720 | 801,200] 48.5| 82.3] 25.6] 4.58| 4.38] 0.87] 2.09] 0.24] 1:05| 0.10] 1:39] 8.73 | 1931 
1932 | 720]  810,190| 44.0] 81.5] 23.4] 4.47] 4:39] 0.94] 2:30] 0:30] 1.04] 0.12] 1:46] 9.09 | 1932 

1933 | 720| 832,067] 45.3] 83.8| 23.4] 5.34| 5.40] 0.86] 2.24] 0.34] 0.76] 0.17] 1.27| 9.77 | 1933 

170 | 1930 720 860,110 | 19.5| 64.7| 32.7] 6.51] 7.28] 0.89| 2.50] 0.12] 1.30] 0 1.42] 12.09 | 1930 | 170 | 
1931 720| 835,219 | 22:4] 64:5] 31.6] 6.20] 6.78| 0.78| 2:19] 0.20] 2.64] 0 2:84] 12.59 | 1931 
1932;  720|  675,376| 17.4] 58.2] 28.5| 5.53] 6.01] 0.84| 2:71] 0.22] ....] 1:63] 11219 | 1932 
1933 | 720|  780,252| 19:8] 55.8] 34.5| 4.95] 4:84] 0.77| 2:42] 0:82] 1:35] 9:88 | 1933 
527 | 1930d| 720| 673,300] ....| 37.0| 56.2] 3.87] 5.02| 1.59] 3.97] 0.25] 0.04] 0.04] 0.33] 10.91 
1931 720| 9335200] 31.9] 41.4] 60.5] 2:83] 3.35] 0.82] 3:48] 0.29] 0:13] 0.01] 0.43] 8.08 
1932 720| 967,000] 31.1| 39.6] 59.2] 3:10| 3.52] 0:81} 5.08| 0.24] 0.25] 0.03] 0.52] 9.93 
1933 720| 864,300] 31.6] 42.4] 50.9] 3.23] 3:71| 0.87] 3.82] 0.01] 0.34] 0.06] 1.31] 9.71 

718 | 1930d) 720] 604,312] ....| 36.9| 51.5] 4.27] 6.05| 1.33] 6.50] 0.83] 1.70] 0.58] 3.11] 16.99 

1931 720| 691,477 | 88.6] 34.9] 51.4| 3.45] 4.66] 1:33] 5.04] 0.68] 6.28] 0.14] 7:10] 18.13 

1932 720|  644,337| 51:0] 33.0] 51.2] 3.61] 4.98] 1:02] 5.39] 0.64] 1.05] 0.77] 2:46] 13.85 

1933 |  658,898| 41:7| 33.5] 51:3| 3.76] 5.53] 1.13| 5.52] 0.25] 1:15] 0.10] 1:50] 13.68 

19| 1929] 700]  603,260| 29.8] ....| ....| 4.50] 6.32] 1.40] 5.40] 1.07] ....] .... | 2.24] 15.36 | 
1930} 700| 710,280] 34.9] ] 4:13] 5:72] 1:26] 4:96] 1.07] 4205] 18:99 

1931 700| 694,060] 34:8) | 3:73] 5:27] 1:47] 6.15] 6.69] 17:48 

1932 |  700|  612,980| 36.7| 48:6] “83:1| 3.63] 4:87] 1.35] 4:96] 1.01] 1:68] 12:86 | 
1933} 700| 579,880] 38.8| ....| ....| 4:08] 5.61] 1.31] 5:18] 

529| 1932]  620|  507,836| 34.3| 38.4| 38.6] 3.60] 5.28| 0.93] 6.21| 1.92] 0.21] 0.20] 2.33] 14.75 

1933 | 620|  524,025| 35.4] 39.4] 38.9| 4.00] 5.34] 0.62] 7:45] 2:01] 0.60] 0.19] 2:80] 16.21 

32|1932| 600] 402,600] 10.5] 77.9] 15.0] 5.45] 5.09] 0.61| 10.95] 0.17] 0.29] 0 0.46} 17.11 
1933}  600| 706,050] 18.4| 72.:8| 28.3] 6.00| 5.43| 1.26| 5.52] 0.08] 0.05| 0 0.13 | 12.34 

61 | 1930} 600] 1,539,900] ....| 52.3] 79.6] 6.39] 5.31] 0.59] 5.53] 0.33] 0.61] 0.06] 1.00] 12.43 

1931 600 | 1,555,200 | 38:7| 68.4] 64:7| 4.20] 3.46] 0.36] 5.37] 0.11] 1:07] 1.18 | 10.37 
1932 |  600| 1,380,330] 37.9] 64.3] 60.7| 4.63| 3.97| 0.38] 5.76] 0.04] 1.02] 0.03] 1.09] 11.20 

1933 |  600| 1,188,400] 32.7] 56.2| 63.4] 4.98| 4.62] 0.52| 2.85] 0.30] 0.50] 0 0:80] 8.79 

106 | 1929] 600] 750,419] ....| ....] .... 4.66] 4.75] 0.66] 2.66] 0.61] ....] ....] 2.62] 10.69 
1930}  600| 1,435,434] 35.6] 4:49] 4:18] 0:27] 3:09] 0.65] 2752] 10:06 

1931 600 | 1,504,859] 28:1] 297] 3:71] 0.24] 3105] 1:76] (8:76 
1932 600 | 1,358,285] 31.5| 71.4] 65.8] 3.77| 8.57] 0.27] 3.07] 0.74] 8:98 

1933 600 | 1,522:216 | 39.0] 71.8] 62.0| 4.31] 3.99| 0.24] 2:73] 0.52] 128] 

1094 | 1931 600 678,530} 19.5] 78.5| 25.3] 3.84] 3.43] 0.27| 2.65 0.91 1.80] 0.37] 3.08] 9.43 

1932 |  600| 572,600] 17.2| 78.0| 22.4] 3:79| 3.78] 0.35| 1.52] 1.24] 0.37] 0.50] 2.11] 7.76 
1933 |  600| 583,920] 16.6| 89.4] 18.9] 4.18] 3.43] 0.34] 1:39] 0:60] 0.71] 0.24] 1:55] 6:71 

1096 | 1931 600 | 726,486} 20.8| 74.0] 29.3] 3.68| 3.13] 0.50] 4.46] 0.76| 0.48] 0.41] 1.65] 9.74 

1932 | 600] 708,626] 19.7| 69.9] 29.3| 3.88] 3.39] 0.50| 2.09] 0.65] 1:45| 0.27] 2.37] 8.35 

| 1933 600 716,299 | 20.4] 69.8] 29.8] 4.20] 3.40] 0.33] 2.40] 0.62] 1.06] 0.16] 1.84] 7.97 
862} 1930| 588] 627,820) 25.3| 47.7| 39.7| 4.43| 4.62] 0.83| 8.84] 0.42] 1.63] 1.88] 3.93] 18.22 

1931 588 | 640,360 | 25.7| 46.9] 41.7] 3.27] 3:81| 0:70| 10:77] 0.40] 1.24] 0.97] 2.61] 17.89 

1932 588 |  609,820| 31.2| 47.9| 38.6| 3.14| 3:87| 0:75| 8.69] 0.47] 1.71] 0:48] 2.66| 15.97 

1933 |  588| 609,080] 33.3| 44.9] 42.1| 3.44] 4.33] 1:00] 9.18] 0.81] 4.08] 0.40] 5.29] 19.80 

1930] 540|  364,500| 28.8] ....| ....| 6.47] 11.42] 2.69] 9.80] 0.69] 0.14] 0 0.83 | 24.74 

1931 540 | 407,085 | 33.6] 38.0| 35.4] 6.29] 9.15] 2:19] 8:78] 0.41] 0:35] 0.76 | 20.88 

1932 540 | 412,636 | 30.7] 35.1| 38.5] 6.17| 9.05] 1.86] 8.66| 0.28] 0:10] 0.38 | 19.95 

1933 | 540] 397,000] 29.4| 33:9] 38.4| 5.34] 7.65| 1.80] 7.83] 0.27] 0:10] 0.08| 0.45| 17.73 

540] 1931 | 713,333] 32.9| ....| ....| 3.30] 4.10] 1.72] 5.52] 0.85] 0.38] 0.06| 0.79] 12.13 

1932 | 540| 633,751] 28.2| 40:9] 51.3| 3.36] 4:46] 1:91] 6.22] 0:69] 0.19] 0 0.88 | 13.47 

1933 540 | 666,616 | 28.6] 41.0| 53.7] 3.55| 4.64] 2.08] 5.46| 0:74] 0.06] 0.06] 0.86] 13.04 

772 | 1931| 222,100} 9.5] 74.5| 10.7| 3.72] 3.67] 0.68| 9.55] 3.41] 3.67] 0.56] 7.64] 21.54 

1932 500 142/730 | 73.7| 3.72| 3:90] 0:64] 4:90] 4:15] 0.57] 0:46] 5:18| 14/62 

1933 500 103,495 | 3.8| 73.8] 5.0] 4:36] 4.57] 1:35| 6:74] 6.82] 3.27] 1:19] 9:78] 22:44 

644] 1932] 600]  846,916| 40.4| 59.8] 43.1] 4.04] 4.53] 0.98] 4.02] 0.75] 0.04] 0.06] 0.85| 10.38 

1933 | 840,958] 39.4| 59.5] 43.5| 5.28] 6.03! 1.03] 3.42] 0.85] 0:18] 0.06] 1.08] 11.57 

424] 1922] 480]  586,935| 36.1| 41.8| 50.9| 3.00| 3.58| 1.34] 4.37] 0.84| 0.14] 0 0.48| 9.77 

1933 480} 621,800] 34:5] 47.0| 50.2] 3.00] 3.43] 1.32] 4:39] 0.24] 0 0 0.24| 9.38 

501 | 1930]  480| 403,022] 32.5| 40.6| 37.5] 5.50] 7.58] 1.80] 10.58] 0.40] 0.14] 0.31 

1931 480| 452,970 | 37.3] 39.3] 42.6] 3.93| 5.53] 1.60] 8.50] 0.49] 0.62] 0.33| 1.44] 17.07 

1932 480| 421,162 | 33.4] 37.9| 41.7] 4:71] 6.85] 1.94] 8.37] 0.40] 1.04] 0.39] 1.83] 18.99 

1933 |  480| 397,167] 35.3| 36.5] 40.4] 4:30] 6.02] 1.83] 11.64] 0.31] 1:44] 0.23] 1:98] 21.47 

695 | 1932| 450]  423,414| 20.2| 47.6| 34.6] 4.59| 5.13| 0.77] 9.63] 0.62| 0 0 0.62 | 16.15 

1933 450| 440,760 | 31.6] 48.8| 35.3] 4.81] 5.26| 1.24] 9.39] 0.67] 2.90] 0 3.57 | 19.46 

335] 1932| 430] 490,130] 38.9| 37.1| 53.4] 3.11| 3.20] 0.71 | 7.15 

1933 430 | 479:720| 36.9| 36.5] 63:2| 4.72| o7o| 

ee 247 | 1930 390 428,200} 28.9| ....| .... | 6.00] 8.12] 1.10] 10.79] o.11] o 0 0.11 | 20.12 | 1930 | 247 
1931 390 | 480,204] 25.1| 44.6] 47:1] 4:62] 6:03] 1:01] 9:62] 0:05| 0.40] 0.26| 0.71] 17.37 | 1931 

1932 390|  485,760| 24.7] 54.2| 39:2] 4.55| 5.88] 0.81] 9.76] 0.07] 0.12] 0.05|. 0.24] 16.69 | 1932 

1933 | 390| 486,820] 24.9] 43.4] 49.1| 5.50] 7.03] 0.44| 9:74] 0:28] 0:18] 0 0:46 | 17.67 | 1933 
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187 | 1932: 350 297 ,000 4.15 5.02 2.18 11.84 0.82 0.10 0.03 0.95 9.99 | 1932i} 187 
1933 350 301,279 25.8] 32.9 46.7 3.82 4.23 2.00 10.64 0.43 0.15 0.05 64 17.51 | 1933 
688 | 1931 350 437 ,000 <i ve 5.00 | 6.69 | 0.65 6.86 0.51 0.17 0.69 1.37 15.57 | 1931 | 688 
1932 350 432,500 29.3) 42.6 49.8} 3.93 5.32 | 0.45 8.32 0.12 0.25 0.12 0.49 14. 1932 
1933 350 x 29.4) 41.8] 47.8 4.82 7.14] 0.69 6.86 0.97 0.41 0.19 1.57 16.26 | 1933 
774 | 1931 345 109,735 7.2 66.2 8.4 3.79 4.74] 0.71 9.97 3.03 6.09 1.07 10.19 25.61 | 1931 | 774 
1932 345 77,122 5.1 72.6 5.5 3.58 3.31 1.03 6.57 3.52 1.36 2.97 7.85 18.76 | 1932 
1933 345 65,645 7.6 | 67.4 4.9 4.59 4.61 0.96 7.28 3.31 12.98 0.06 16.35 .20 | 1933 
857 | 1930 330 307 , 163 44.3 ee re 3.39 5.91 2.06 11.50 1.75 1.22 0.84 3.81 23.28 | 1930 | 857 
1931 330 | No Reply to} Inquirijes for 1/931. 1931 
1932 330 379,380 ope 42.8 51.3 2.80 4.30 1.57 6.92 1.82 3.97 0.84 6.63 19.42 | 1932 
1933 330 369 , 378 42.8; 40.8] 51.9 3.25 5.36 pH 7.39 1.79 6.12 0.70 8.60 | 23.07 | 1933 
265 | 1930 180 184,000 ade Pree 9.14 | 13.48 1.76 13.58 1.10 0.71 0 1.81 30.63 | 1930 | 265 
1931 320 216,000 sean eat 37.0 7.79 | 11.81 1.83 11.57 0.32 0.46 0.58 1.36 26.57 | 1931 
1932 320 220,000 | 25.4] 37.9] 34.8] 7.30] 11.00 1.86 11.37 0.16 0.11 0.34 0.61 24.84 | 1932 
1933 320 257,000 | 26.0} 39.6 35.2 7.35 9.59 1.41 11.67 0.19 0.70 0.14 23.70 | 1933 
1055 | 1932k 320 204,875 re 29.6 | 100.0 4.50 5.79 1.49 8.30 0.46 0 0 0.46 16.04 | 1932k| 1055 
1933 320 421,352 | 33.1 28.4 97.5 4.32 | 7.27] 0.47 11.29 0.54 0 0.05 0.59 19.62 | 1933 
27 | 1930 315 190,375 30.1 4.93 9.00 2.42 12.68 0.77 6.68 | 30.78} 19 27 
1931 315 208,890 | 30.8 oye 4.06 7.72 1.52 10. 0.95 7.29 27.16 | 1931 
1932 315 194,105 32.0 28.8 39.4 3.63 7.12 3.05 11.06 0.92 ‘ ee 13.05 34.28 | 1932 
1933 315 186,510 31.0 was 4.14) 7.29 2.13 10.88 0.77 ae oaine 5.93 26.23 | 1933 
382 | 19311 300 86 , 887 atne 20.5 37.4 3.35 | 3.62] 0.82 4.47 0.43 0 0 0.43 9.34 | 19311} 382 
1932 300 99,300 ives 21.2 28.4] 3.48] 4.76] 0.66 5.08 0.42 0 0 0.42 10.92 | 1932 
1933 300 251,413 eee 27.2 52.6 3.64 | 3.63] 0.50 3.73 0.19 0.02 0 0.21 8.07 | 1983 
858 | 1930 180 123,538 23.0 Pais a 3.41 6.87 3.26 31.90 4.02 4.66 2.08 10.76 52.79 | 1930 | 858 
1931 180 | No Reply to|Inquirie|s for 1 |931. 1931 
1932 270 175,200 Te 26.7 49.7 2.82 6.46 | 2.78 17.45 3.31 1.54 0.43 5.28 | 31.97 | 1932 
1933 270 172,400 39.6 26.7 49.6 3.12 re 3.13 16.40 3.81 6.85 1.00 11.66 38.36 | 1933 
169 | 1930 240 151,850 11.3 41.5 27.1 5.98 6.23 0.94 2.56 0.55 0.51 0 Pe 10.79 | 1930 | 169 
1931 240 84,360 13.7 42.5 31.9 5.56 6.23 0.89 2.11 0.87 4.39 0 5.26 14.49 | 1931 
1932 240 77,310 5.8 27.7 20.9 5.04 6.52 1.25 3.84 0.85 ‘odd «wwe 14. 26. 1932 
1933 240 79,570 6.0 28.8 | 20.7 4.50 | 6.34 1.13 4.52 0.98 9.72 21.71 | 1933 
984 | 1932 225 27,290 1.6 47.1 4.6 4.50 | 6.43 | 0.57 5.22 1.10 0 0 1.10 13.32 | 1932 | 984 
1933 225 26,851 1.8 48.5 4.5 | 4.29 5.07 0.60 5.59 0.75 0.82 0.19 1.76 13.02 | 1933 
318 | 1932 212.5 138,700 29.9 4.10 6.81 1.89 15.14 2.78 0.23 0.25 3.26 | 27.10 | 1932} 318 
1933 212.5 139,730 26.6 3.69 6.81 2.37 13.43 2.00 0.34 1.20 3.54 | 26.15 | 1933 
733 | 1930 175 14,800 1.6] 65.0 1.6 4.82 5.54] 2.91 8.92 2.91 0 0 2.91 20.28 | 1930 | 733 
1931 175 3,293 0.3 62.5 0.5 5.78 | 10.93 0.91 10.93 9.72 0 0 9.72 32.49 | 1931 
1932 175 1,788 0.2 62.1 0.3 3.00 7.92 1.96 18.18 34.30 0.56 20.43 55.29 83. 1932 
1933 175 1,892 0.2 53.2 0.4 6.03 | 16.00 | 3.17 38.34 | 20.20 0 37.20 57.40 | 114.91 | 1933 
646 | 1930 120 15,893 3.8 13.7 7.0 7.00 | 12.65 3.15 | 147.25 11.26 0 0 11.26 | 174.31 | 1930 | 646 
1931 120 21,035 5.3 16.1 20.4 = 16.70 2.57 16.97 0 0 .52 | 1931 
1932 120 a 1.6 13.4 7.6 5.37 | 18.82 5.70 27.14 0 0 51.66 | 1932 
33 120 8,074 wane 11.1 11.4 5.39 | 14.62 4 34 21.92 12.87 9.91 8.55 31.33 72.21 | 1933 
Plant 54 did not operate in 1933. Purchased Power of Dump Power Contract. 
Following Plants were used for Standby Power only in 1933: 735-736-738. 
Data for 1933 was not received: 132-451-626-863. 
" “did not submit sufficient Data for 1933: 161-532-1129-83. 
= ** made no reply to inquiries for 1933: 3-14-91-92-93-95-96-98-101-102-103-105-143-160-193-333-411-516-720-908-1016-1091. 
NOTES: 
a— 8.1 months d—10 months g—11 months k— 5 months 
b—13 months e— 6.7 months h—12.1 months l— 8 months 
c— 6 months {—36 months t—12.8 months 
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bricating 


Injection System (Notes) 
Scavenaing System (Notes) 
Equivalent K.W.—90% 
Generating Efficiency 
Number of Cylinders 
Generator Rating—K.V.A. 
Gals. of New Lub. Oil for 
Cylinder Lub. Only 

Gals. of Unfit Lu 


Engine Designation 
Engine Cycle 
Total Gallons of New 


(See Notes) 


Gross K.W. Hrs. per Gallon 


of Fuel Oil 
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8; 2. 
04 


699|) 27° API; 40 SSU @ 100 F 
0.5% 8; CC; 


.|) 28° API; 42 8SU que F; 
0.001% Ash; nil 
By Refinery Pipe Line 

25.2° API; 50 SSU @ on 


0.4% 8; 8.25% CC; 
0.01% Ash; 


33888 8888 882 


= 


SERE 


“> 
ge 


a 


36°—40° 
44.4 SSU 
0.28% 8; 0. 
0.012% Ash; 1 


28°—30° API 


me 
* >> 


Data LuBRICATION Fur. 

3 

N 21,456 | 138 | 9.92 
1 93} 155| 19].....] 300 2,162|) 
3| 22 150 | 378 | 183 | 38 420 || § 705 
243): 19 | 255] 171] 63)..... 0.0; 8 
4] 19 244/200 | 800 | 284] 236 | 500 008% No} 65,930 | 279 | 9 27 
| 6 150} 925 |1922 | 465) 429] 196)..... 1,088 Residue No 197,638 461 19 
30x42 | 3,750 [5,280] 7,144 2,553].....] 2,755 826,012|| 1.91 No |10,024,400 |1,403 |12 13 
6| 30 x42 |124 | 3,750 |1929 |2,430| 3,881 2.378 CC | 360,881 No | 4,850, 02b 

| 6] 80 x42 /124 | 3,760 1932 17,803) 9,737 18.347] 3.2 S108) 14.31 
000 |1,313 | 9.42 
4| 16}x21 |225 030 |1,217 | 8 44 
a | P| CH 300 |1,316 | 9.10 
P| CH 130 |1,542 | 9 73 

P| CH 930 |10 75 
P| CH 1,220 |10.98 

: 
2 

..| CHa 2070 | 
CHa 2°150 |11.65 
.-| CHa [2,615 |11 65 
..| CHa 2,780 {12.51 

| 661 |10 15 
|1,636 |10 25 
1,811 |10 02 
|10 01 

411 [14 13 ‘ 
556 | 9.12 

3,408 |10 47 

2,658 |10.46 
, 900h) 1, 385A) 11. 88h 
,800 | 940 |10 91 

,300 | "825 |10 37 
| 947 |10 67 

2 1,711 11.21 
an| 
| [10.85 ‘ 
4) 720 |1,506 |11.06 
an| 

4 | 808 |13 21 
an 
, 9006] 1,038) 13.500 
100 1929 | 0 3,870 | co |p 24°—26° API; 0.5% 8 1,008 
2 1031 | 335 | 31578 602 959,960 |1, 150 | i7 
350 | 6] 114x16 |277 375 11925 11,890 Yes| 268,900 |......)...... 
tp 6| 11x16 |277| 375 |1925 F; Yes} 210,600 
an 2,730 | 1,833 2,625 2,805 |.....| 420) 3,104 284,995 3,359,000 |1,197 [11.77 
..| TP | 250 | 168] 4] 138x173|257 | 200 |1916 
P| TR | 840 | 564) 6} 16 x20 257 | 700 [1931 
10.90 
679 P| CH | 1,250 840] 5| 203x26 |180 | 1,065 |1925 |1,053| 707] 66].....] 1,862 89 80,521 } 
840| 5| 204x26 |180 | 1/065 |1925 | 964] 696] 38).....| 1,732 &S | 75,776|/ 75 @ 100F 
CH 2500 | 1,680 2/130 1,408 | 1,797 156,297 1,677,000 [1,196 |10.1 


porey Jed ut SVSVsRs SRR Ss R 3 g = = 
a 
“oy 
(8940N 90g) St 
= 
WH RSSSSSs sss ree & SS s SBS S8Ses 228 ss 
= 3S co 19 10 10 : 1012 
out SSrxVSseer SSSssSS SESS SSBB S3S S =& S52 82222 ::: 28 


= 
| 
Po 
t~ 
ie 
9 
a 
a 
= 
= 


TABLE III—ENGINE DETAILS AND OPERATING INFORMATION (Page 2) 


LuBRICATION 


r Gal. 


Stroke—Inches 


ported Period 


linder Dimensions 
ine Hours Operated 


Cyl 
Bore x 


Injection System (Notes) 
Scavenging System (Notes) 
Trunk Piston or Crosshead? 
Equivalent K.W.—90% 
Generating Efficiency 
Number of Cylinders 
Generator Rating—K.V.A. 
Lubricating Oil Used 

Gals. of New Lub. Oil for 


Cylinder Lub. Only 
Gals. of Unfit Lubricating 


Year Engine Started 
Oil Discarded 


Engine Designation 


Engine Cycle 


Plant Number 


in 


Lubricating Oil Treatment 
(See Notes) 

Nature of Fuel Oil Used 
Gross Output—K.W. Hrs. 
Gross K.W. Hrs. per Gallon 
Gross K.W. Hrs. per Gallon 


of Fuel Oil 


of New Lubricating Oil 
of New Lubricating Oil 


Total Gallons of New 
Rated H.P. Hours 


B nono 


Number 


900]) 20° AP’ 
1.3% 8; 0.15% CC 


Toons 


32°—36° API 


= 


32.5° API 7 
1,071,590 
3,149, 100 
24° API; 166 SSU @ 100° F 108,300 


0.45% S: 4.3% CC 
Trace—Ash; BS&W—Nil 1,274, 400 


owe 

z= 


“S55 


> 


: 
Zz 


30°—34° API 


<= 


361,270 
17}x24} 134,400] 24°API; 75 SSU @ 122F; ,598, 730 
174x24} 930 050 136,573 } 8 f N 
270; 973 : 3,224,550 
23, 187 


85, 
257,111 
365,951 


Sese See 


0.6% 8; 0.035% CC; 
Trace— Ash; BS&W—Nil; 
Delivered by Tank Ship 


} 33.5° API; 0.22% S 917,800 
0.3% Ash 277,100 
1,194,900 
1 41,720 
28°—30° API 24,040 

0}, S< 05% 0 
1,351,153 


1,416,913 


03 | 28°—32° B; 36 SSU @ 100F; 


“Zs “SSE 


imestom 
>>> 


rom 
Bane Brow 6 ann 


24°—26° B; 75 SSU @ 100F 
CC < 0.5% 
05% 


229,970 
229,798 


x. 

18}x28} 350 605 99 

16}x21 3 26°+-API 
965 


17 x24 |200 1,535 60 26°—28° API 
17}x25 2,686 } 1.0% 8 


14 x17 
7| 16 x20 


14 x17 oes oie | 30°—36° B 


Ash < 008% 


1,489,775 


- 

= 
Exams Dara | 
| 
| 

360,500 |...... 6.35 
| eee No 939, 700 114 

1,611 1932 |..... No "329,790 7 

806) 8 1 &F 4,016 46,4 60 9 8 | 
2 13,5 334, No 200] 6 54 
1,612 00 |1922 406, 278 54) 
11 164 4 1923 {3, 1,77 320 No 926, 800 1, 10.89 
319 3 164 1928 {3,761 “4,680 930) . BCR No 1,411,510 | 973 3 
47) 23 x29} 800 | B 41,17: 
772| 6 1, BC 285 026,760 |... 
"370 | 1,591 250 [1925 | 100 | BC 129628 
1927 1733) 798 1,965 500 yee | 7 

723 C| TP = | 16 x20 2,010 | 96, 7 
P| TP 50 706 3,382 284,453 | 
P| TP 1,568 257 | 640 3,501 2,246 12,500 | 569 
504) 16 x20 [257 1,920 860] 1B).....) 744 8 | 105,545 8280400 | 80 
34 | P| TP 750 50 1,191 2}....- 905 53,85 
12 1911 23 100} 3, 1 
| 151] 3] 16 164 2 11929 {5,02 1,078 1, “> 9 64 
225 1) 3} 16 x24 225 512 23 12,559 "768 190 1,856 180 97 

1? 25 15 164x23}|22 438 {19 4,658) 1, | 7 918, ( 
9 TP 22 403) 6 “x26 1200 512 11925 4,00 

an 202 25 |200 |.. .|1927 Ep , 527,900 1/9 

Pl Tp 300 m 403] 6 = 200 1928 1,529 1,388 1 97 13: 

TP 2,100 | 1,41 17 |257 | 200 1,127 |1 
Pljan 470 |1928 2,448 |10 
| TP 1,383 in Tank | Yea 3,981,520 |1, | 
TP 671 1/845 No 299, 2 905 |12 
1,000 2 744, 422 18,700 | 90 11.33 | 
1 TP 1,34 44 eee 3 970 | 
133 2,000 | 1, -| 2,198 No| 3087440 11.00, 
Pils 00 202 1.043 26, 926, 2 

443| 6) 10 220 (300 1,689 "104,05 
980 oe 7) 16 x20 |257 1,690 50 1,241 
P| TP 980 658 16 | 187 128,59 Yes 
180 6] 16 x2 1,572 C |... No] 1, 
17 x24 513 5,027]... No 
| 17 x24 ~4 153 1930 2,385 ..| 1,987 an? No 2,064,771 | 481 | 7.55 083 
1,875 | 1, 32 |150 3 |1918 1,460 73,53 No 71,040 
750 6 4 No "970 8.68 
TR 238 151) 16 x24 {tos 1,625 No] 30 | 

671| 8 166, 853 
242 

1,189 
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TABLE III—ENGINE DETAILS AND OPERATING INFORMATION (Page 3) 


Enaine Data LuBRICATION 


r Gal. 


per Gallon 


Injection System (Notes) 
Scavenging System (Notes) 
Gross K.W. Hrs. per Gallon 
of New Lubricating Oil 
Gross K.W. Hrs. 


of Fuel Oil 


Lubricating Oil Treatment 


Gals. of Unfit Lubricating 
(See Notes) 


Gals. of New Lub. Oil for 
Cylirder Lub. Only 

Oil Discarded 

Is Fuel Centrifuged? 
Gross Output—K.W. Hrs. 


Equivalent K.W.—90% 


Generating Efficiency 
Nature of Fue JOil Used 


Engine Designation 
Engine Cycle 
Number of Cylinders 
Cylinder Dimensions 
Bore x Stroke—Inches 
ine Hours Operated 
Period 
Total Gallons of New 
Lubricating Oil Used 
Rated H.P. Hours 
of New Lubricating Oil 


Plant Number 


Teo rom 


Ash 0.05% 
< 1.0%; < 0. 
BS&W < 03% 

2, 177,480 |1,582 
37,969] 18°—22°API; 0° F Pour Pt. 343,172 [1,144 


B 


is'eonl} 33° B; 42 SSU @ 210 F 
5,508) 0.08% 8; 
Delivered by Tank Truck 


1 
7 | 32°—36° API 


} 28°—30° API 
8 < 05% 


Brow Bae 
“EE “pp 


32°—36° API; 
42 SSU @ 100 F; 
0.35% 8; 0.01% ‘Ash 


> 


26°—34° API 


>>> 


32°—36° API; 1.0% 8 
0.25% Ash; 0. 


“KEES 


189,211 
174,723 


“p> 


§ 


333 #388 B 


2,747, 080A 
41,693]) 32°—36° API 437,625 
63|} < 1.0% 390,550 


>> 


37, 373,000 {2 
119, 251 1,201,175 
} 30°—36° B; S— 1.0% N 

Ash <0.05%; BS&W<0.3% 


| 32°—36° API 


30°—36° B; 8S < 1.0% N 
Ash <0.05%; BS&W< 0.3% 


“SS 
343 


121,977| 
12,045|) 37. ; 123, 600 
700 


95,041|| B Ni i 904,425 
169,923] by Refinery Pipe Li 1,771,725 


324,674 0.29%8; 0.01% CC; 3,666,420 


“ppp 


64,340)| 28°—30° API; 0.5% 8S 542,830 
63,4 0.1% CC N 579,730 
127,740 1,122,560 


158, 650 |... 
495, 900 
1,671,940 
2,326,490 


| 
1,770 | 1,189 1,500 1,377 4,222 2 10.86 

P| CH | 1,760 | 1,182| 8] 17 x23 |257 | 1,500 | 524) 300] 100).....| 3,074 | S&F 9 04 1 
2 ..| TP | 875 | 588) 8} 17§x24 }200| 671 |1929 | 100] 65] 20) 3,483 || S No| 168,200 |1,682 |11 21 : 
TP} 588) [200] Gri | | 28] } No| 169,000 |1,725 |10 89 
1,750 | 1,176 1,342 198 | 122) 57] 2,579 337,200 |1,702 |11 05 

7 C] TP | 200m) 134] 4] 14 x17 |257] 170 |1923 | 188} 55 ].....].....] 684 2,24 
C} TP | 300m) 202) 6] 14 x17 |257 | 250 |1923 | 191) 43 ].....].....] 1,332 || BC 3,5 
TP 840 S04 6 287 700 1929 1,348 345 3,283 82,72 No 

1,705 | 1,145 1,450 519 |.....].....| 2,619 68, 198 774,780 |1,493 |11 36 
8 P| TP| 840 | 564] 6| 16 x20 |257] 700 [1928 BC No 
P| TP} 840 | 564) 6] 16 x20 700 |1929 | 13) 0 435 No 3,640 |......) 8.37 
1,680 | 1,128 1,400 954 7:870 8.25 

1,650 | 1,108 682 208, 390 2,205,070 |1,035 |10 57 

..| TP | 285 191| 3} 16}x24 }200 | 240 [1920 CC 53,790 No} 555,650 |......|10 32 
‘| TP | 285 191] 3} 16}x24 }200 | 240 |1920 48 35,270 No| 332,160 9.42) 

.| TP} 300 202| 3] 164x24 1200 | 188 |1925 &F 46,530 No| 477,800 ]......|10 27) 
P| TP | 750 | 504) 5| 149x21 | 650 |1932 /4,188)... 123, 028 No| 1,167,300 |......| 9 49 

oS 620 | 1,088 1,318 2,289 |1,338] 300] 2,846 258, 618 2,532,910 |1,106 | 9 79 

TP | 560 | 376] 3| 224x224/225 9 

| “| TP} 600 | 403] 6| 17 x25 |200 | 500 |1926 No| 1,078,190]... 
an 1,560 | 1,048 1,350 41,6007 2,787 159, 418 1,554,430 | 965/975 
| 0 
2 600 | 403] 4| 16 x20 |257 | 500 |1930 |2,104) 1 |......... No| 512,600 |1,941 |.. 

300m} 202] 6| 14 x17 |257 | 250 |1923 |3,502| 660].....) 0} 1,682) C ]......... No| 343,000 | 

2 300m} 202] 6] 14 x17 }257 | 250 |1922 |3,336) 672]..... No| 313,230] 466 

2 360 | 242] 6| 14 x17 |257| 300 |1925 |3,872] 516|.....) 0} 2,702} C No| 420,410] 814 
an 1,560 | 1,049 1,300 2,112 23241 1,580,240 | 753 | 8 40. 
4 |5,648] 2,118 | 816 2,000 |} CC 27° API; 40 SSU @ 100 F; | No| 1,923,300 | 908 |11 01 1 
| P 1,500 | 1,007] 5| 19}x27 | 1,250 |1932 /4,550) 1,833 |.....].....] 3,722 | BC&S No | 3,021,340 |1,647 11.87) 

4 750 | 6 225 | 750 |1931 |4,524).......]..... BO 121, 32°—34° API No 1,258,900 10 30 115s 
750 | 504] 6| 174x244/225 | 750 |1931 O|.......|/f | 119,912 No | 1,200, 
an 1,500 | 1,008 1,500 746 | 706] 0} 241,773 2,455,900 |3, 290 

5,478 1} 297) 56, 160 No| 644,970 | 991 |11 48 
50 | | 210 {1920 gos | BC. |  55,872|| 26°—30° API No| 640,470 | 706 |11 46 
4) Al. 365 | 245] 4 225 | 300 1915 |4,520) 279) 0} 62, 803 No| 743,790 | 834 [11.4 
4] 600 | 6| 16$x23 |225 | 512 |1927 |2,201] 697] 234] 12 
lan|t 1,465 | 984 1,232 3,147 |1,126] 2 11.7 
4 400 260] 4) 16$x244]200 | 340 |1925 |3,674] 154] 117] ff, cc 2,830 |10 50 | 496 
300 3} 164x244}200 | 250 |1925 |4,601) 341] 117) BC 1,145 | 9 65 

750 504| 6] 174x244/225 | 650 [1928 |1,560/ 134] 121] S&C +783 10 06) 
jan 1,450 | 974 1,240 629 | 355} 0) |10 07) 
000 | 408] 17 x25 [300 | 800 18, BO 
an| 1,440 967 1,200 |.....].....| 3,818 80, 72 2,844,460 | 884 [1013 
| 
560 | 4| 16 x20 |257| 470 {1028 OC No} 864,788 | 
eS Jan 140 947 1,200 2,618 |.....].....] 1,085 243, 220 2,516,180 | 961 |10 4) | 

= 1,400 941 004 ].....].....] 8,180 1,674 12.41) 
00 | 260] 4| 173x22 |225 | 343 |1924 |1,225| 120 0} 4,083 1,030 |10 26 163 
1 4 .| TP 4 x J 2 
TP | 400 | 269] 4] 179x22 [225 | 343 |1927 |4,601] 440].....| 120] 4,180 ne 1,485 |10 
TP | 600 403| 6| 173x22 }225 | 625 |1929 |4,110} 522].....] 120] 4,724 1,904 |10 46 

an 1,400 | 941 1,311 1,082 |.....| 240] 4,434 1,635 |10 42 
the 
1 P| TP | 1,400 | 941) 8| 16 x20 |300 | 1,392 |1932 |5,525| 2,517].....] 3,073 | BC 1,456 |11.28 

665 | 8.44 517 
17 TP | 625t | 420) 5| 174x25 |225 | 625 |1930 |4,237} 816 | 270| 0] 3,245 |\ CC 

‘| 750 | 504] 6 225 | 625 |1932 |4,523| 482] 274] 7,040 } 1,203 | 9.14 

1,375 | 924 1,250 1,298 | 544) 0} 4,654 865 | 8.79, 

TP | 300 | 202] 3| 17 x24 |200] 250 |1925 CC&F].........]) 33.9° B; 0.338% 8; No 
TP | 400 4] 17 x24 375 |1925 CC&FI......... ant BS We Nil No 
TP |. 675 453| 6) 17 x24 (295 | 575 |1931 Fuel by Barge No 
1,375 | 924 1,200 1,378 4,825 228, 830 1,687 |10 16, 
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Data LUBRICATION Fur. 


bricating 


Gross Output—K.W. Hrs. 
Gross K.W. Hrs. per Gallon 
Gross K.W. Hrs. per Gallon 


Nature of Fuel Oil Used 
of Fuel Oil 


Lubricating Oil Treatment 

(See Notes) 

of New Lubricating Oil 


(See No 


Engine Designation 
Injection System (Notes) 
Scavenging System (Notes) 
Trunk Piston or Crosshead? 
Equivalent K.W. 
Generating 
Number of Cylinders 
Cylinder Dimensions 

Bore x Stroke—Inches 
Generator Rating—K.V.A. 
Engine Hours Operated 

in Reported Period 

Gals. of New Lub. Oil for 
Cylinder Lub. Only 


Engine Cycle 


Year Engine Started 
Lubricating Oil Used 
Gals. of Unfit Lu! 

Oil Discarded 


Total Gallons of New 
Plant Number 


2 Plant Number 


32°—36° API; 0.5% 8 


14 


14 x17 
14 x17 
14 x17 |25 300 

17}x25 535 1 442,724 
913,325 


>> 


13 306 30° API; 0.28% 8; 


134x19 0.02% 
4] 23 x29 Ash and BS&W—Nil 


>>> 


BY 


17 x25 |200 
14 x17 
14 x17 


17 x25 
17 x25 


14 x17 5,006 30°—36° B; 10% N 
16 x20 Ash <0.08%: W<03% 
16 x20 { 30°—36°B; S< 1.0%; 

Ash <0.05%; BS&W<0.3% 
17}x24}): 25.4° API; 0.5% 8; 
17 x24 o| 0 114% CC; 0.002% Ash: 

0.1% BS&W 
16 x20 26°—30° API 


17}x25 
14 x17 32°—36° API 


288 


“Se “pp 


14 x17 
14 x17 208,520 
944,470 


14 x17 220 ag | 100 F; 
17 x25 8 <0.5%; BS&W< 1.0% 


Westom me 
“pp 


"228,376 


164x23 66,947 
14 x17 100 25 |. 400 650}? 20°—22° API 
23 x32 68, 

136, 447 
14 x17 
15 x20 930 58 soccoveee 8,050 
17 x24 ? 1,154,870 
139,521 1, 162,920 


17 x24 87,787 } 30.9° API 710,200 
17 x24 930 953 3,930 2 1,624,924 
2,335,124 |1 


rom 
Q 


14 x17 2 
14 x17 |: 50 80 | 32°—36° API 
16 x20 


14 x17 


14 x17 44 795, 700 
804 1,586,400 


14 x17 |300 a 523,376 
14 x17 |: 300 2,5! &F 2 148,949 
16 x20 00 2 y 138,040 

27: 82,740 810,365 


16 x20 248,040 B;S< <03% 2,815,400 


Ash < 0.05%; BS& 


x 

14 x17 
146,565 

17 2| 3,004 57.326| 28°—32° API; 50 SSU 

17 24412 29 54.422| 100F; 0.01% 8; 0.01% 682,299 
111748] 0,0008%Ash; BS&W-Trac 1,351,199 


203x26 366,030] 22°—26° API; 1.0%8 4,428,200 


16 x20 196,7 2, 256, 400 
x .282 ; 0. , 256, 4! 
Ash—Nil: 


ES 


14 x17 13,350 
14 x17 250 53 623 48,610 


16}x23 
1,368,900 


TP | 400 269] 4] 17 x25 |200 | 337 |1925 [3,575 476 soy 

TP | 200m) 134] 4] 14 x17 [257] 170 |1924 |2;500 330 
TP 110m| 2) 257 | 100 | 1923 0 0 

eer an 1,310 | 880 1,107 1,909 1,815 189, 733 2,071,200 | 704 |10.92 

C| TP | 200m) 134) 4 

C| TP | 360 | 242) | 

4im|..| TP 625 420) 5 

an 1,305 | 877 | 7.15 

1 

13] 275 | 185) 4 No} 756,500} 643 |10 02 

2) 4 200 134 No 210,700 467 |11.00 

3| 750 504 No| 333,500 | 448 | 8.14 

Pilan 1,225 | 823 1,000 2,373 747] 1,446 135, 560 1,300,700] 548A) 9.59 

16] 1| 600 | 403] 6 512 | 213]....... No} 83,700 
2| C 240 | 161) 4 200 |1925 | 28°—80° API No} 11,836 

Pilan 1,200 1,012 296 10, 619 113,136 382 |10 65 

Pilan 1,200 1,472 192,906 1,997,800 |1,357 |10 36 
846] 1] C 360 6 

Plian 1,200 1,668,900 | 927 10.40 

1) P 1,200 8 2,461,720 |1,918 |11 08! 

1,200 1,757,700 |1,026 {10.41 

1083 

Aa 1083 1,200 8 | jo | 2,695,050 |1,426 |13.35 

~ 100m} 67) 2 

200 m 134} 4 

1,165 | 782 

878 560 | 376) 4 1,368,600 |......]...... 

616 300 202] 3 948 |12.13 

100m 67] 2 200 | 7 60 | 

750 504) 4 1,062 |11.10 | 

1,150 | 773 987 |11.59 | 
887 150m| 101) 3 

440 | 205) 4 

78 400 | 260] 4 ass | s.00| 

660 443] 6 

|10.48 

1,000 | 712 308 9.0 

519 200m) 134) 4 

525 | 352) 5 

1,050 | 704 

259 210 | 141] 3 810 |11 52, 

2 12 | 8.06) 

1144) 1 C| TP| 210 141] 3 550 |11.00| 

2 C| TP| 420 | 2821 6 721 (11 88 | 

3 TP| 420 | 282] 6 692 |11 88 

Pil 1,050 | 705 659 {11.81 56 

56) 500 336] 5 1,398 |11.66 

2 --| TP] 500 | 336) 5 1,383 |12 53) 

1,000 | 672 1,391 |12.08| 

1061| 1] P| TP| 980 | 658) 7 1,135 |11.48 

1] TP | 200m| 134) 4 968 |...» 

2) C TE | 300m) 202) 6 B17 |... 

Plian|t 900 605 979 |10.95| 
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TABLE III—ENGINE DETAILS AND OPERATING INFORMATION (Page 4, Continued) 
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TABLE III—ENGINE DETAILS AND OPERATING INFORMATION (Page 5) 


LuBRICATION 


ing 


Scavenging System (Notes) 
Trunk Piston or Crosshead? 
Lubricating Oil Treatment 
Gross K.W. Hrs. per Gallon 
of New Lubricating Oil 


(See Notes) 
Groes K.W. Hrs. per Gallon 


Injection System (Notes) 
Generator Rating—K.V.A. 
Gals. of New Lub. Oil for 
Cylinder Lub. Only 

Rated H.P. Hours per Gal. 
of New Lubricating Oil 
Gross Output—K.W. Hrs. 
of Fuel Oi) 


Generating Efficiency 
Number of Cylinders 
Cylinder Dimensions 

ine Hours rated 
in Reported Pertod 
Total Gallons of New 
Lubricating Oil Used 
Gals. of Unfit Lubricati 
Fuel Oil Used—Gallons 
Nature of Fue |Oil Used 
(See Notes) 


Bore x Stroke—Inches 
Year Engine Started 
to Work 


Engine Designation 


Plant Number 
Engine Cycle 
Equivalent K.W. 


E 
in 


16 x20 |257 


131,336! 27°—30° API 1,635,670 


27. a API; Trace: B 
14}x21 |257 

tank W 
12$x13}/327 


12$x13})/327 1 0 32°—36° API; 
17 x24 |200 408 1 Delivered Partly by 


ba] 


15}x16 30°—36° B; S N 
277 4,776 ‘Ash <0.05%; <03% 


28°—30°API; 0°F Pour Test 221,120 
960,540 

50, 280 
1,010,820 
81,080 
28°—30° API 376,760 
28°—30° API 402,770 

30°—36° B; < 10%; 1,266, 600 


“KES “EE > 


ww 
= 


<0.05%; BS&W<0.3% 


0.3% 8 201% Cc: 


44,190} 32° API; 0.5% 8 


< 


30°—36° B; Eee ; 
Ash < 
BS&W< 0 


26°—30° API 
1, 125,370 


20,739 176,700 
| 32°—36° API 726, 400 


290, 200 
1,193,300 
077|) 36° API; 36-49 SSU @ 60F 149,430 

0.19—0.21% 8; 213,500 
BS& Trace 630 


$88 


14 x17 
14 x17 


256, 
619, 650 


“SE “KEE “SEE “EE “REE 


} 23° B; 
0.005% 8; 0.087% CC 


30.1° API; 06 
(alo 24.6° API) "14,242 
ivered by Tank Truck 
79,040 
6, 850 


57.010 


roe 
B B wow 
“SE 


§—32°—36° API; 38 SSU 


; 


32°— 
BS& 


ror 
- 4° 


Brom 
S88 888 888 ses 


15}x16 


14 x17 


“KEES “EE 


14 x17 } 32°—36° B; 0.25% 8; 
2 |6,984 0.5% BS&W 


26.2° API; 54 SSU 
16}x23 250 586) 696 2,405 |j &F 
590 420 183,251) Ash— —T 


14 x17 se 30°—364° B; 8 < 1.0%; N 
14 x17 Asn <0.05%; BS&W<0.3% 


| 

| | 

| 

onl 6 Yes} 180,000 | 776 

Pijan 604 1,880,400 | 425 | 9.05 | 
1065| 1 605] 6| 16 x20 |257| 774 |1931 | 420] 253].....] 50] 1,493] CC | 16,350 874 13.52 
| 
189] 1| 4 369] 5] 17 x24 470 |1920 |8,086] 808} 303] 0) 5,500/) S& |......... 1,187]... 
4| 134| 2| 17 x24 |200| 170 |1922 | 674] 75] 1,798 670 
3| 4 67| 1117 x24 |200| 90 |1915 | of of Qj..'.... 
Plan 570 730 883 | 378] 5,190 120,968 1,144} 36 

153 1 564| 6| 16 x20 700 {1020 |.....] 180 7,070 sat 
ay 494] 1 564] 6| 16 x20 |257 | 700 |1930 | 852| 337] 337} 50] 2,123] CC 32,440) 1,117 ™ 

1 564] 6| 16 x20 257} 700 |1920 | 868} 513|.....| 70} 1,421) CC | 30,500 785 |13.20 
855] 1 564| 6| 16 x20 |257| 700 |1920 |4,602| 667 |.....].....| 5,670 | Cent.| 150,531 1,809 | 8.41 
1056| 1| P| TP | 840 | 564] 6| 16 x20 |287| 700 {1929 [1,212] 515].....] 1,980| BC | 39,467 No| 425,890 | 826 |10.79| 
vail 1} TP | 825} 554) 4} 28 232 | 760 [1,200] 1,636 |.....).....] 640 No| 478,260 | 292 |10.82 ™ 

Plian 810 | 545 226 851 11, 687 100,000 | 443 5 
648] 1] TP | 400 | 269] 4] 17 x24 |225 1928 2,900] 451 |.....].....] 2,575 1,121 
TP | 400 | 269] 4| 17 x24 |295 1928 |3/308| 562 |.....|.....| 2,354 |} &C | 56,750 1,102 |10 92 
Pilan 800 | 538 1,013 2)450 102,350 | 1,110 
112] 1] TP | 200m) 134] 4] 14 x17 [257 1925 {2,021} 260 |.....].....] 1,853 |) BC 679} 3.2 
2] TP| 240 | 161] 4) 14 x17 |257 1927 |7'328] 907 |.....].....| 1,939 |} &3 |11 
3| TP | 300m] 202] 6| 14 x17 |257 1925 |2/178| 25 |.....|.....] 1,244 553 | 8.87 
Pilan 740 497 115, 705 |10.30 
1128] 1] TP | 125 | 84] 6| 8 16, 9.20) 
2) TP | 300 202) 4 | 201 BO 21, | 
3| TP 202} 4 327 |........,1082 78) O}....... 25, 
Plan 488 325 6,120 63, 1,906} 981 
67 1925 |2,487| 1,034 ].....] 100] 867 \¢ 51,892 512,820 | 495|9.0 
1925 610].....] 50| 960 &F 32,291 320,080 | 525) 99 
1,644 150) 901 84, 183 832,900 | 507/90 
170 1929 2,054] G84 |.....] 98) 1.654 
1,359 192] 1,600 76,309 500 

394 [2,608] 148 2,110 10,004] 
932 13505 |} F 48,519] 513/39 
1,174 13590 63,983 562,900 | 480 | 8 
| 1,282 99; 360 914,300 | 

| 
718) 1926 {3,930} 850 |.....].....] 1,664 No| 313,990] 369)...... 
1926 |5,061| 900 |.....].....| 2,024 &F No| 415,980 | 462]... 
1,750 1850 96, 838 729,970 | 417 

470 79, 850 629,550 | 434 | 7.8 

368| 1| TP 269 No | 1,366,000 |1,402 |12.67 
2| TP 202 No| "926,000 |1,330 |12.28 

Plian 471 2,292,000 |1,272 |12.8 

Pijan 444 0, 98 91,800 | 475 | 8.3 
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TABLE III—ENGINE DETAILS AND OPERATING INFORMATION (Page 6) = 
Enoine Data LusricaTION Fugu 
~ ~ a 
Z | eels] |=] | Ss [ss me | 3 3 = | 
| solzl S&S &3 Ss | 32 Ze 5 SS | 
810| 1] 2/M|C| TP} 150m) 101) 3] 14 x17 [257] 125 [1920 | 19] 285 231 
2] TP | 200m| 4] 14x17 |257| 170 |1919 | 110) 25 880 |}None| —1,856|} 28°—30° API; < 0.5% 2 
3| TP} 300m] 202] 6| 14 x17 |257| 250 {1922 | 238] 64].....|..... 1,116 4,607 
Pllan|t 437 545 6,694 
1146] 1] TP} 140 94] 21 14 x17 |300| 111 [1931 BC, | 17,500 API 
2} 2\MiC] TP] 210 | 3] 14x17 |300| 170 |1931 8 10; 145|} 0.5% 8 41 
3] TP | 280 | 188) 4] 14 x17 230 |1931 &F 2'8 at 
Pllan|t 423 511 5] 1,980 "505 | gs 
529] 1] TP | 100m] 67| 2| 14 x17 1257 | 75 ‘|1922 [1,230] 108 |..... 0| 1,139 | BC 4,893 
2} TP | 100m] 67) 2] 14x17 |257| 75 |1922 |1,326] 102]... BC | 32°—36° API 3201. 
3| TP | 120 81] 14 x17 |257| 90 |1927 |4,272] 309]... 0| 1,659 | BC&F} 17,985 
P| 300 | 201) 6] 10}x223/360] 250 |1931 |4/482| 517]... 0| 2'600| BC | 42,075 
Pllan|t 620 | 416 490 1,036 0| 2/038 69,918 
359| 1] 2|M|C| TP} 240 | 161] 4] 14 x17 | 200 |1929 |3,119] 439 | 439)..... 1,704 F 
2} TP | 375 | 252] 6] 12 153/360] 310 |1932 654 | 654]... 3,234 27 
Pilan|t 615 | 413 510 1,093 |1,093].. 65,929 
431] 1) TP | 100m] 67] 2| 14. x17 [257] [1922 eee 
2} TP | 150m| 101] 3] 14 x17 |257] 125 |1923 34° API al. 
3] TP | 360 | 242] 6] 14 x17 |257] 300 
Pllan|t 610 | 410 500 50,735 
32] 1] TP | 600y | 403] 5| 178x22 [2342] 572 |1928 |2,472| 1,333 |..... 1,113 | S&F | 68,867|/ 36° API; CO and Ash— 
Trace; 32] 72 
61) 1) 4|M|..| TP | 300 | 202] 3] 173x22 }225| 275 |1928 } 30° API; 40SSU@100F; | No} 651,300 ]......|...... 
2] TP | 300 | 3| 173x22 |225| 275 {1928 0.3% 8; 15% No} 608,300]... 58 
Pilan|t 600 | 404 550 1,022 75| 3,268 1i0,379|| 0.25% BS&W: Ash—Trace 1,259,600 |1,231 | 53 
106] 1] 4) Al..] TP | 600 | 403] 6| 17 x25 }200|........]1929 |5,432} 706 ].....]..... 4,616 |....... 1,570,020 [2,225 |11.13 
228] 1] Al..| TP | 300 | 202] 3] 17x25 |200| 250 |1925 24°—26° AP 
2) Al..| TP | 300 | 3] 17 x25 }200| 250 {1925 @ 10"; 1,0%CC; | 
Pllan|t 600 | 404 500 1,750 1,782 187,000]} 1.0% BS&W; S—Trace 1,898,000 |1,084 |10 15 
644] 1] TP | 240 | 161) 4] 14 x17 |257] 196 |1931 |7,217| 945] 945] 0} 1,832 } BC 69.970)) 32°96" Bi 0.5% 8; 
2} TP} 360 | 242| 6] 14 x17 |257| 300 |1931 |1:543] 413 | 413] 1,344 26,200|} 0.5% BS&W | 
Pilan|t 496 1,358 |1, 0| 1,683 96,170 913,700 | 
809] 1] 4) Al..] TP} 600 | 403) 6] 169x24 |200| 500 |1923 | 353} 70].....]..... 3,026 | S&F | 10,016) 28°—30° API;S<0.5% |No| 76,300 |1,000 | 7.82 
53 
1004] 1] 4] TP | 600 | 403] 163x23 | 513 |1928 |1,658) 301 ]|.....] 70] 2,542] S&C] No| 596,800 |1,526 
1096] 1| 4| Al..| TP | 600 | 6] 163x23 |225| 513 |1928 |2,606] 475 ]..... 70| 3,200} S&C] No| 783,520 |1,544 (12.64. 
410] 1] TP | 150m) 101] 3| 14 x17 |257| 125 [1923 No] 198,200 ]......|...... | 
2| TP | 200m| 134] 4] 14 x17 |257| 170 |1923 No| 608,830 |...... 50 
3] TP | 240 | 161] 4] 14 x17 1257] 200 [1928 No] 115,440]... 7 
Pllan|t 590 | 396 495 1,366 110,292 922; 470 504 | 8.36 50 
862} 1) 2IM|C| TP| 75m| 50] 2] 12 x15 1300} 60 [1920 | 
2} TP| 75m|  50| 21 12 x15 |300| 60 |1922 | 33.1° API; 0.6 
3| TP | 180 121| 3| 14 x17 |257 150 |1925 14,345] 648 |... 70) 1,207 Trace—BS&\ 
4/Al..| TP | 258 | 173] 3] 16}x243/180 | 225 752 | 433] 169] 1,698 |) ‘|......... 
28°—30° API; 8 <0.5%; 
80s| 1] P| TP | 560 | 4| 16 x20 |257| 470 |1930 | 386] 115].....] 0} 1,880] BC 8,434 Delivered P No} 106,700 928 |12.65 
73 
852} 2IM| P| TP | 560 | 376] 4) 16 x20 257] 460 |1928 | 690] 106].....]..... 3,644 | BC 15,720 BS <10 ™ No} 174,660 |1,647 |11.1! | 
67.: 
246] 1) 2|IM|C| TP | 100m| 67] 2| 14 x17 |257 1918 36°—40° API; Delivered |No|...........|... 
2} TP | 200m| 134) 4] 14 x17 |257| 170 |1922 Partly by Tank Truck 
3| 2IMIC| TP | 240 | 161] 4| 14 x17 |257 1929 
Pllan|t | 362 56, 880 412,525 | 333. | 7.5 
840] TP | 360 | 242] 6| 14 x17 [257 ]........|1930 PF API 
2} 2\MIC] TP| 180 | 121) 3] 14 x17 |257 0.5% 8 Bw 
Pllan|t 540 | 363 87, 120 700,500 |°"236 | 
541| 1) TP | 200m) 134] 4 26, 132 No} 206,500} 355 | 7.90 
2} 2/MIC] TP | 200m} 134] 4 25,076|} 36° API No| 192,700 | 356 | 54 4 
3| TP| 140 94] 2 24) 145 No| 251,700 | 595 |10.0 | 53 q 
Pllan|t 540 | 362 75,353 : 421 | | 59 
1) 4} TP | 510 | 342] 6| 14x21 [277] 438 |1932 |..... 1,151,190 | 662 |12.35 { 
772| 1| Al..| TP | 250 | 168) 4] 133x173|257| 250 |1916 | 440] 138 |..... 15] 797 530) 28°—30° API No| 54,770} 397 | 9.91 
2} 4/Al..| TP | 250 | 168) 4| 139x173/257 | 263 |1916 | 428] 135|..... 15| 793 5,330|} 0°F Pour Test No} 52,802 | 391 | 7 1 
Pllan|t 500 | 336 513 278 |..... 30| 795 10; 860 107/572 | 394 | 99M | 735 
424] 1] TP | 240 | 161! 14 x17 [257] 200 |1929 [4,175 799 |..... 35| 1,254 \F 33,071)) Delivered Partly by No| 309,325 | 387 | 9.8 
2} 2|M|C] TP| 240 | 161| 4| 14 x17 |257| 200 |1929 844 |..... 35| 1,310 37,996], Tank Truck No| 356,275 | 422 | 49 9 
Pilan|t 480 | 322 400 pes 70| 1,282 71,067 405 | 9.37 
501| 1) TP | 120 81 2| 14 x17 |257| 90 |1925 |2,521} 289].....1 40] 1,046 |) CC, 11,170]....... No| 63,845 | 221 | | 
2] TP| 120 81| 2] 14 x17 |257| 90 |1925 |3:533] 513].....1 No} 90,604 | 177 | 31 3 
3] TP} 240 | 161) 4! 14 x17 |257} 200 |1929 [4/054] 612]... 30] 1,590 || &F No} 262,600} 429 | 31 4 
Pllan|t 480 | 323 380 1,414 110) 15201 55,581 417,049 | 205 | | 49 
124] 1] 2/M/C] TP| 80 54| 2} 12 x15 |300| 65 |1927 |1,181/ 177]... 0| 534 |) BC, 4,675 
2] TP| 180 | 121] 3] 14 x17 150 |1930 |4'489] 743 0} 1,087 |} 28; 408|} 30° API; 1.91% 
3] TP | 210 | 141] 3| 14 x17 |300] 170 |1931 [4/329] 664]... 0| 1/368 || &F 24,790 
Pllan|t 470 | 316 385 1,584 0} 1,143 57,873 515,200 °325 | 
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| TABLE III—ENGINE DETAILS AND OPERATING INFORMATION (Page 6, Continued) 
Loapina 13 MAINTENANCE AND REPAIRS ATTENDANCE 
2 11818 & | Suess of BE = 2 
1310) 29.7 50 |29 4114.6] A] No 0 0 None 0 0 810} 
| | 44.8 80 |29 4|17.6| A] No 0 0 0 0 0 | None 0 
im | 51.4 125 |29.4]18.2/ A] No 0 0 0 0 0 | None 0 0 
146) 41.1 70 135 Al Yes 28 0 0 20 | Bearing Rebabb.; Gask.| 0} 0 32] 348 | 10] 1 1146} 
63.8 140 |35.3)35.1) A} Yes 32 0 0 0 | 0 15 | Bearing Rebabb.; Gask.| 0 0 348 | 10] 1 
| | 35.9 200 |35.3|37.7| A| Yes 35 0 0 0 | 0.12 | Bearing Rebabb.; Gask.| 0 64] 348 | 10 | 1 
41.3} 200 B 100| 112|N |B 0.15 52/10] 1 39] 800 
55 |29 4/241] Al No 0 0 0 0 0 | None soo 
55 |29 1| Al No 0 0 0 0 0 | None 0} 365} 6] 14 
65 |35 3/28 3) Al No 6 5 0 0 | 0.10 | None 0 40| 365| 6] 1 
180 |50.8|45.5| O} Yes 24 20} 240} 22] 1.02 | 1-Cyl. and Piston 1|504ee] 96] 6] 1 
| 39.4] 180 D 9 | 115|/B/B 0.51 365 | 6] 1 53| 700 
350 27.6 160 |35.3/35.1] Al Yes 77 74) 0 8| 365 | 10] 1 359} 
26.1 170 |78.4|52.9] Al Yes’ 0.25 | 1-New Oil Line— 5] 45 214) 365 | 10} 1 
26.5} 170 DF }....:. 115|N|N Improved Design 365] 8/1 48/1, 600 
29 4]....] A] No 16 0 0 | 0.16 | Spray Valve Tips; Gask.| 0 0 16] 358} 8/1 431] 
29 4]... Al No 220 0 0 0| 147] (See og 18) 2 | 150 30| 358} 8|1 
| 35.3]....] Al No 58 0 0 | 0.16 | 1-Inj. Rock. Arm;Gask.| 0] 0 72| 358} 8|1 
| 175 B-F 80} 110|N|N 0.48 21} 51) 212 
32] 72.8 |72.8] 450 |74.6|83.4) A] No| A 95| 10|N|B 28 8 0 0 | 0.06 | No Major Parts 72| 365 | 12a) 1 81/9,200! 3 
58.3 220 |64.7|/70 5| Al No 38 | 180 0 | 0.73 | No Major Parts 336] 365] 8] 4 61 
1 53.8 220 |64.7|70.5| Al No 11| 120] 73 1.25 | 2-SetsCrank Bearings | 2] 75| 408] 365] 8 i 
56.2] 440 B 85} 115|T |N 0.99 365| 8] $}..... 620} 
«AE 200 |69.8/69.1) A] No 150 40 0 0 | 0.63 | Governor Parts 2} 20 40} 365 | 81] 4n 22: 
210 |69.8172.6| Al No 50 Ol 0} 0] 365] 8| Qn 
90.7| 375 A 63 | 100|N |N 0.40 365 | 8 | 2n|..... 272 
152 |35.3/33 3] No { 0 0 0 Piping; Nozzles | 0} O/]...... 313 | 10 | 14n 644 
250 |35.3/36 5) No 0 0 and Tips; Gaskets 0 313 | 10a} In 
59.5] 265 c 90} 130/N|N 156 | 12 | in |..... 579 
53.6 [53.6] 400 |77 1|76.5| A] No| B-F 80} 108|N]|N 0 0 0 0 0 | None 1,900} 809} 
89.4 |89.4] 410 |73.8|75.1| A] No| B-F 90} 110|N]B 301} 111 0 0 | 0.69 | Main Shaft T. B. of 240)..... 1, 100] 1094 
| 69.8 |69.8} 410 |73.8|75.1|A| BF | 90] 110; N|N | 560] 202 0 O| 236] ....] 8b] m]..... 1,100 pr 
55.0} 260 D 1) 365] 1 99] 1, 850 
35 |29 1120.4] A] No None 24 862] 
35 |29 1|20.4] Al No 2,489 None 24| 348] 8] 1 
95 |35.3/27.7| Al No 4.23}] 1-Conn. Rod Bearing | 2 |——524——| 348] 8] 1 
180 |72.2|75.1] A] No New Rings & Bearings | 2 |—1,128—| 348 | 1 
44.9} 224 B 90} 51] 8/1 221 
65 
73.5 173.5) 425 |53.6|60.6| O| Yes} BF | 65] 75) F 0 0 0 0 0 | None 1,900} 808} 
58 |29 4125 4| Al No 0 Gaskets and Mise. o| o| 145 2464 
95 |29 4|20.8| Al No 23 15 0 0 Small Parts 0| 28| 365 | 10 | 1 
120 |35.3|25.3] A] No 0 28} 365 | 10} 1 
33.9] 160 |60/s0| 110} B 365] 4] 1 45/5, 000 
260 |35 3137.9] Yes 13 0 0 Pist. Rings, Gask,ete.| 0| 0 14] 365} 8] 1 540} 
110 |35.3/32.1] Al Yes 0 0 Pist. Rings, Gask., ete. | 0] 0 10} 365} 8] 1 
41.0} 280 100| N|N 365} 8] 1 76| 525 
7.03 54 4 120 |29 4|26.3] A] No 0 No Major Parts 200 541] 
0.42 53.0 120 |29 4126.3] Al No 215 0 0 0 |{0.40$} 1-Piston 0} 200) 365) 5/1 
8.64 50.0 90 |35.3|33.8] A] No 0 1-Conn. Rod Bearing 72| 365 HI 1 
52.2] 200 B 110} 365 1 780} 
9.91 74.4 160 |74.1|70.6| A} Yes { 201 0 0 Major Parts 0 168 
9.91 73.5 160 |74.1|70.6| Al Yes 0 0 Oo} O| 144]..... 8 | In 
46.0 160 |35.3|35.1] A] No 0 0 0 0 None 4] 192 ile 424] 
48.0 147.0 160 35.3|35.1| A| No| B 10|N|N 0 0 0 0 0 | None Of} 192) 30} 11) 1 225 
le 22 
5. 31 3 40 3|17.4| Al No 0 0 Piston Rings 0; 32 501] 
9.0 31.6 65 |35.3/28.3| Al No 545 28 0 0 |J1.19|| P. & R.; Reboring 96| 365 |5/10| 1 
| 40.2 135 |35.3|29.6] A] No 0 0 1-Cyl. and Piston 1} 1/6} 10) 365] 1 
36.5] 135 BF} 90] 110|N|N 9] 1 |..... 1, 106| 
45 |31.1]25.9| A] Yes 40 0 0 | 0.50 |4-Special Rings 1 
100 35 A Yes 2 0 0 0 0.18 305 
42.4) 150 B 7| 9|NIN 0.17 365} 8) 1 
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TABLE III—ENGINE DETAILS AND OPERATING INFORMATION (Page 7) 
Data LuBRICATION Fos. 
g 
g = 5 3 z 
& |solzi da | &3 Ss | 32 | | = 
315| 2IM|C| TP | 240 161| 4] 14 x17 |257| 200 1,928] F 30,750 No| 240,200 7.81 44 
2} TP | 120 81] 2| 14 x17 |257 90 486 |..... aa, F 23, 600|} 32°—36° API No| 156,900 | 323 | 6.65 43 
3, TP | 100m) 2] 14 x17 |257 90 478 | None| 4,680 No| 21,800] 131 | 4.66 41 
Pllan|t 460 | 309 380 seus 1,325 59,030 418,900 | 393 | 7.10 
471| 1] TP | 150m] 101] 2] 143x16 |327 94 
TP | 300m! 4] 144x16 |327| 219 
Plian|t 450 303 313 
695| 1] TP | 165 111| 3] 12 x15 |360} 150 
2} TP | 165 111| 3] 12 x15 |360] 150 * 
3] TP| 120 2| 14 x17 |257 90 
Pilan|t 450 303 390 
885| 2iIM|C| TP | 180 121| 3] 14 x17 |257| 150 185)... 
2} 2iIM|C| TP | 180 121| 3] 14 x17 |257| 150 
3| 2|M/C| TP 75 m| 2| 12 x15 
Pilanit 435 292 360 
335} 11 4] A|..| TP | 250 4| 133x173]257 | 219 
Al..| TP] 180 121| 4| 114x15 |300} 150 45 
Plian|t 430 289 369 491,320 
1209] 1] 4IM|..| TP | 215 144| 3] 144x18 ]300 | 188 |1930 |4,426].......]..... No| 262,700 ]...... 7.00) 41. 
2| 4IM|..| TP | 215 144| 3] 144x18 |300 | 188 |1930 |4,344].......]..... No] 252,790]...... | 40. 
Plian|t 430 288 376 515,490 |1, 160 | 7.90 
247| 1| 2IM/C| TP | 240 161] 4) 14 x17 |257| 200 No 7} 
2} TP | 100m 67| 2| 14 x17 |257 75 No 51. 
TP 50 m| 14 x17 |257 40 No 70. 
Pllanit 390 262 315 
187} 1) TP | 140 94] 2) 14 x17 |300| 111 
2} TP | 210 141] 3] 14 x17 |300 | 170 |1931 
Pilanit 350 35) | | | =| | $15,879 | 246 | 9.47 
688] 1} TP | 1] 14 x17 1257] 38 
3| 2IMIC| TP | 180 121] 3] 14 x17 |257 | 150 |1927 @F 
Pilan|t 350 | 236 412,000 | 572 | 6.% 
774| 1) 4) Al..| TR] 165 4) 119x15 28°—30° API No| 32,600 | 543 65 
2) Al..| TP} 180 4] 113x15 0°F Pour Test No| 34,222 | 526 |10.6M | 69.¢ 
Pilanit 345 66,822 | 535 |10.12 
857| 2|M/C| TP | 180 3] 14 x17 29° B No| 287,600 ]......|..... 44.7 
TP} 150m 3| 14 x17 1.0% 8 No| 124,536 |...... 
Plianit 412,136 | 339 | 6.0% | 34.1 
dad TP 60 1] 14 x17 
2| TP} 120 2] 14 x17 
3| TP} 140 2| 14 x17 
Pijanit 320 
TP| 320 4] 15 x18} 
27| 1] TP | 75m| 2| 12 x15 |300 
2} 2|M|C| CHa} 240 4} 129x134 
Pllanit 315 
737| 1) 2|M/C| TP} 100m 2) 14 x17 
2] 2IM\C| TP | 75m 2| 12 x15 
3} TP | 50m 1] 14 x17 
4} 2|IM/C| TP] 80m 2| 123x13} 
Pllan|t 305 
1] 4|M|..| TP | 150 4 
2| 4|M|..| TP} 150 4] 
Pllanit 300 
858] 1) C| TP 150 m 3] 14 x17 29° B 112,200]...... 27.3 
2} 2IM/C| TP} 120 2) 14 x17 1.0% 8 No| 99,400]... 
Pijanit 270 211,600 | 182 | 599 | 26.1 
169] 1) 4/M|..| TP | 240 6} 103x133 81% & N 84,000 | 475 | 28.8 
69 4)M}.. x ; 0. . 
Trace 
677| 1] 2IM|C] TP | 240 4] 14 x17 32°—36° API No| 235,000 | 392 74.1 
1) 4] TP | 225 3] 18}x24 32°—36° API; 0.5% 8 No| 329,143 | 561 | 8 66.8 
984) 1) 4) A TP 225 151] 6| 9}x134 396) Delivered by Tank Wagon | No 29,000 | 828 | 9 48.5 
318| 1| 2|M|C| CHa| 100 67| 2| 12}x134|327 No| 29,900]...... 
2| TP| 50 34] 1] 14 x17 |257 37° API No|  74,000]...... 
TP | 37im| 25] 11 12 x15 |300 | No| 25/830 |... 
Pilan|t 2125 | 143 143 624 |..... 25, 815 144,230 | 231 | 
1193) 1} TP | 200m] 134] 4] 14 x17 |257 | 170 |1924 [4,944] 606 ].....]..... 1,630 | S&F 50, 968) OF No| 424,400} 700 | § 64.0 
733| 1] 2|M|C| CHal 100 2| 124x1341327 75 |1922 35 7 0| 500] None|......... ew 48.2 
2| 75 m| 50) 2| 12 x15 |300 60 |1914 33 5 0 Delivered by Tank Wagon | No 1,005 60.9 
Pilan|t 175 117 135 12 0| 498 502 No 2,135 | 502 | 4 
646] 1] 2|M/C| TP} 120 81] 2| 14 x17 |257 90 1927 | 998) 63/].....]..... 1,900 | BC&F} 2,192) 38°—40° API No 8,990 | 143 | 4 
11201] 1] TP | 225m| 17] 1] 10 x12 |325 \F oof) Delivered | No} 18,135 |...... 
2} TP | 75m| 50] 1] 14 x17 |300| 53 Partly by Tank Wagon |No| 40,415 |...... 
Pilanit 100 78 11,056 58,550 | 136 | 5 
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, TABLE III—ENGINE DETAILS AND OPERATING INFORMATION (Page 7, Continued) 
LoaDING MAINTENANCE AND Reparrs ATTENDANCE 
{i 
flac ial 2128] 28 rial | Labor | rial |Labor|2 z 23 
$15) 44.9 165 |35.3|36.2] A| No 0 Valves; Springs; Injec- | 0 0 14 3151 
43.4 84 |35.3136.6| Al No 0 0 0 tion Nozzles, ete. 10 
410 67 |29 4|29.4] Al No 0 0} 365 | 12 | 14 
44.2) 202 A 50| 100|N|N 12} 1 |..... 2,565) 
ae 65 |35.6|22.9) A) Yes { 279 52} 36 al Pistons; Bearings; 2 3H 15 471) 
155 |35 6|27.3| Al Yes 0.86 |{ Piston Pins and 31 2 31 
60.8} 220 A 8 | 130} Bushings; ete. 259; 9) 1 
105 |35 6/33.7] Al Yes 125 0.76 | Piston Rings & Gaskets}....}.....]...... 695] 
105 |35.6]33.7| Al Yes 125 0 76 | Piston Rings & Gaskets|....|.....|......| 365] 8| 1 
72 |35.3]31.4| Al Yes 1,029 8.58 |( 
48 8} 165 A 60} 100}|....| B | | | 2.84 { See 00 17) 365| 8/1 50| 300) 
es}... 95 |35.3|27.7| Al No 10| 120} 600) 313 | 8|1 
95 |35.3|27.7| Al No 4.003}... 4| 48| 6721313] s|1 
43 |29.1]25 0} A] No 0 200] 313 
2 8 
33.5 152 |74.1]67.1| A] No 129 0} 290} 1.68 | 1-Lub.Oil P; Exh.&A.V.| 1 | 240 0 305 7 i 335] 
7 
459 115 |73.0/69.4| A] No 0 0 0 0 0 0} 0 0} 339 x 1 
2 
36.5] 152 A 55| |B 0.98 52] 55] 867 
41.2 154 |63.7/68.1| Al No 0 0 0 8-Spray Valve Check | 0] O]...... 365) 4/1 
40.4 147 |63.7/65.0| A] No 7 0 0 0 |{0.02}|{ bodies; 24-Spray Valve} 0} O|...... 365 | 10| 1 
40.7] 154 D 70| Strainers; Gaskets 365 | 10} 1 54/1, 
1| 38.2 158 |35.3/34.6| A] No 0 Re Snap Rings| 0 12 247 
‘| 51.2 75 |29.4|32 9] Al No o| o| o o| 12) 365] 
70.6 25 |29.4/21.9| Al No 0 Rings 0 365] 1 
43.4] 225 A 1200|N|N 365} |  56/5,000) 
sikss 110 |35 3/41.3] Al No 17 0 0 0 | 0.12 |{Reconditioned Spray | 0| 0 43 10a] 1 137 
140 |35.3/35.0| Al No 29 0 0 0 | 0.14 |\ Noasles 0} O| 361) 4] 1 
32.9} 140 105 | N|N 0.13 14) 1 34] 560} 
29 4|....| Al No 1-Piston Pin andjBush-| 12 683] 
35.3]....] Al No 125 0}, 40 0 ing 1} 10 30} 365} 8/1 
35.3|....] Al No 0 0 0 35] 365 | 1 
65.0 100 |72.6/65.4] A] No 0 0 None 0 
69.6 100 |73.1|60.4| Al No 0 0| 653} 200] 4.74 | 1-Cyl. Headand Piston} 1] 700) 0 
67.4) 100 BF} 9] 110/N]N 8] in|..... 1,1 
35.3|....] A] No ) Cylinders and Pistons; 857 
2,261 6.85 Pin Bearings |....|.....|......| 313] gb] 1 
34.1 140.8] 110 }20.4)....) No| LIN } 156} | 42/4,01 
0 |35.3/26.3] A] No 0 1-Cyl. Head; Rings; 
35.3]28.5| Al No 80 0 100 0 |{0.56}]{ Gaskets; ete. 
100 |35.3 Al No 0 
39.6} 115 BF | 90! 110|N|N 365} 8|1 | 203) 894 
28.4 28.4] 180 |64.6/54.1) A] Yes) D 125] 40|N|N 0 0} O| None a8 In [1,053] 1 
n 
58.7 70 |29.4|30.7| A] No 0 |{1.18)|(Piston Ringe 525 737] 
55.0 55 |29.1]32.0] A] No 338 Oo} 
52.3 30 |29 4/25 9| Al No 0 0 314 365 | 10 | In 
23.1 50 |33.8131.3] A] No 0 0 coal 10 365 | 6.8] In 
56.3} 110 B 70| 110) N|N 365 | 6.8] In |.....]1,300] 
99.7 Al Yes 0 0 0 |/0.01\|{ Discharge Valve 
99.7 Al Yes } 0 0 { Repairs | 
27.2]...... M|N 275 | in|..... 
35.3]....] A] No 0 0 1-Cyl. and Piston 8538} 
—1,1si— | 0 0} 4.37 813] 8b) 1 20/4, 509 
26.1/26.7| 61 |20.4]....) A) No] LIN 156] 8} 1 
28.8 28.8| 160 |77.6177.1] Al Yes) Bo |......1 125] No Major Parts OF 213} 83] In]..... 169} 
74.1 174.1] 135 |35.3]29.6] A] No| B 70} 149 50 0 0 | 0.83 | Piston Rings 2 105 In 677 
n 
66.8] 160 |63.0|66.8] Al No| B 9 | 52 20 0 0 | 0.32} P.R.&Spray V. Parts| @| O}...... 312 | 8c} In]..... 591 
48.5] 180 |77.6|92.5] Al Yes} D 60 |......) 15 7 0 0 | 0.10 | No Major Parts | 66 |....] In]... 
62 A No 18 2 0 0 0 138 31 
21 |29.1|24.5| Al No 3 0 0 0 365 | 10} 1 
10 |29.8]17.5| Al No 0 0 0 0 0 8] 365 | 6 
64.0] 115 |29.4]25.2] Al No] A 55] 110 N 63 46 0 0 | 0.54 | 1-Crank B; Minor Parts} 0] 0 8 In 
et) 48.2 66 |37 2|36.7| Al No 0 0 0 0 0 | None 0} oO 
60.9 29.1/31.4] Al No 0 0 0 0 0 | None 
A] No] D-F |......] 120 ]....] B 80 0.67 | (See gg 18) 365 | 12a] In |..... 
2.3/19.0| Al N 0 0} 0 |f0.08\|/None 1201 
3 Al No { 8 } 0 { 0} O|......] 365 | 12] In 
65| 108| N|N 365 | 12 | In|..... 3, 
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gg—Abbreviations—(A—Air); (B—Bear: 
(R—Rings); (Rb—Rebabbitt); 


Comer) (Cc 
(Se—Silencer 


NOTES OF TABLE III 


Compressor); (F—Fuel); (H—Head); (L—Liner); (M—Manifold); (P—Piston); (Pu—Pump); (Pl—Plunger); 


Goils); (T—Thrust); (V—Valves); (W—-Water). 


991—6-Piston Rings; 2-Cooling Tubes; 10-lbs. Babbitt; 12-L. P. Valve Blades. 
g92—1-Cyl. Liner; 1-Cyl. Head Gasket; 2-Long Studs (Piston cooling); 2-Head Bearings; 55 lbs. Babbitt; 2-H.P. Valve Screws, 2-H.P. Valve Plates, 1-H.P. Cooler. 


993—1-Cyl. Liner; 2-Crank Bearings; 5-Head Bearings; 1-H.P. Cooler (rebuilt); 1-Piston Cooling Tube; 1-H.P. Drain Valve; 3-H.P. Valve Screws; 3-H.P. Valve Plates; 10-Cyl. Head 
Gaskets; 9-Cyl. Liner Gaskets; 12-Piston Scraper Rings; 24-Piston Snap Rings; 12-Piston Double Seal Rings. 


gg4—t1-H.P. Cooler; 1-Main Bearing; 4-H.P. Valves (Suction); 4-H.P. Valves (Discharge); 6-Cyl. Head Gasket; 6-Cyl. Liner Gasket; 16-Piston Scraper Rings; 32-Piston Snap Rings; 
16-Piston Double Sea’ Rings. 


g95—1-Fuel Pump Plunger and Bushing; 2-Fuel Pump Springs; 1-Set Governor Balls and Separator. 

gg6—Governor Spring Assem.; Exh. Valves; Piston Rings. 

og7—Crank Pin Bearing Bolts; Exh. Valve and Springs. 

g98—1-Liner; 1-Piston Pin and Bearing; 1-Set Governor Bevel Gears (10-Con. Rod Bearings, material gratis by manufacturer). 
999—4-Cy|. Heads; 1-Piston; 2-Piston Rods; 2-Con. Rods. 


g910—1-Crk. Pin Bolt; Gov. Drive Gear; 5-SKF Bearings; 3 Rings. 
9g11—1-Inj. Valve; 1-Receiver Hd.; 1-Comp. Piston; 1-Fuel Pump Plunger. 
9912—Rebabbitt 4 Cr. Pin Brs.; 1-Piston Pin Br.; 1-Cr. Pin; Fuel Pump Drive. 
9913—Rebabbitt Cr. Pin Brs. 10 Times; 17-Rings; 1-Comp. Liner and Rings. 
9g14—Starting Head for 1 Cyl.; 1-Rocker Arm Bushing; 1-Speed Control Shaft. 
9915—1-Wrist Pin; 1-Cyl. with Piston Rings; 2-Crank Pin Bearings; Bushings; 2-Wrist Pin Bearings; 1-Wrist Pin; 1-Crank Pin Bearing. 


gg16—1-Piston; 3-Wrist Pin; 2-W. P. Bushings; Gasket. 


9917—1-Cyl. and Piston; 3-W. Pins and Bushings; 1-Conn. Rod Bearings; Piston Rings; Gaskets. 
9918—4-Piston Rings; 4-Water Chamber Gaskets; 24-Cyl. Head Gaskets. 


Insection System: 
A—Air 
M—Mechanical 


Scavenaine System (2 Stroke Cycle Only}: 


C—Crank Case Compression 
P—Attached Pump or Blower 
B—Independently Driven Blower 


Lusricatine Or TREATMENT: 
CC—Continuous Centrifuging 
BC—Batch Centrifuging 
Cent—Centrifuging (Kind Not Stated) 
C—Chemically 
F—Filtering 
S—Settling 


a—Cylinders Closed off from Crankcase 


b—No Deduction Made for Motor-Driven Scaveng- 
ing Blowers 


c—60 Minute Peak Load 

d—Before beginning of Reported Period (March Ist) 
e—Injection Air Compressor Air is Filtered 
f—Waited 870 Hours for Parts; This Time Included 
g—Entire Labor Cost 


h—No Deduction Made for Motor-Generator 


Excitation 
i—Type A in Summer; Type B in Winter 
j—Average for 24 Hours 
k—Secondary Water also Soft 
(—Recirculated; Temperature of Source 


LETTERED NOTES 


Nators or 
API—American Petroleum Institute 
B—Baume 
SSU—Seconds Saybolt Universal 
SSF—Seconds Saybolt Furol 
S—Sulphur 
CC—Carbon by Conradson Method 
BS&W—Bottom Sediment and Water 


Piston Coo.ina: 
A—Air 
W—Water 
O—Oil 


m—Semi-Diesel Engine 
n—Part Time on Diesel Plant 
o—K.W.; Direct Current 
p—Changed under NRA; but Man-Hours Unaffected 
q—Ice Plant attended also by Reported Staff 
r—Summer-Winter Conditions 
#—Does Not Include $1,885 for Cast Iron Piston 
eads Replacing Steel; Made for Operating 
Reasons and charged to Capital Account 
t—Arranged for Supercharging; Not Supercharged 
in Practice 
u—Estimated 
t—Installed in Plant No. 53 in 1926 
w—Installed 25th Day of 5th Month of Period 


Heart Uriuization: 
N—Not Utilized 
B—To Heat Building 
F—To Heat Fuel Oil 
L—To Heat Lubricating Oil 
T—Thawing Ice Cans 
P—To Process 
M—Boiler Feed Makeup 
W—Hot Water Supply 
S—To Swimming Pool 


z—Horizontal Engine 


ie yy to Give Sea Level Rating at 
9,200 feet Altitude 


Sold for 257 RPM; Operated at 234 RPM 
aa—Date of first Installation; Installed in Plant 862 
in 1928 


bb—Belt Driven Generator 


ce—Date Installed in Reported Plant; First installed 
Date Unknown 


dd—Date of First Installation; Date Installed in 
Reported Plant Unknown 


ee—Waited Two Weeks for Parts; This Time Included 


de indicates 2 similar shifts. 


3 similar shifts; (c) 4 similar shifts. 
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A New Basis for the Rating of 
Roller-Chain Drives 


By G. M. BARTLETT,! WEST LAFAYETTE, IND. 


Reference tables giving horsepower ratings for roller 
transmission chains are commonly based upon certain 
allowable working pressures per square inch of projected 
bearing area at the chain joints. The allowable working 
load is assumed to increase in proportion to the projected 
area of the pins and to decrease with an increase in chain 
velocity and an increase in the “centrifugal pull” of the 
chain. 

An analysis of the bending action of the links at both 
driving and driven wheels and the work of friction between 
pins and bushings yields an algebraic expression for the 
heat generated per minute, or for the rate of wear in the 
chain. This is proportional to the rate of elongation of 
the chain; and this rate of elongation is found to be di- 
rectly proportional to the horsepower transmitted and 
inversely proportional to the pitch, the length of the bush- 
ing, the number of links in the chain, and the product of 
the number of teeth in the two sprockets (very nearly). 
A set of tables is developed based upon chain velocity and 
the number of teeth in both sprockets. The horsepowers 
taken from these tables are such as will produce approxi- 
mately the same rate of elongation in all drives whose 
design and operation conform to average conditions. 


N DESIGNING a chain drive it is customary to refer to 

tables and charts to determine the allowable load carried 

by a given chain at a given speed, and, after making due 
allowances for special conditions as dictated by one’s judgment, 
a selection of a suitable chain model is made. 

By means of one chart frequently used, the chain is selected 
on the basis of the horsepower to be transmitted and the revolu- 
tions per minute of the smaller sprocket. By means of certain 
tables in common use, the chain is selected on the basis of chain 
velocity and either chain pull or horsepower. In another table, 
the revolutions per minute of the smaller sprocket and its number 
of teeth are the given data. 

While such tables are easy to use and economical to print, it 
has long been realized that unless all other conditions are satis- 


' Professor of Machine Design, Purdue University, and Consulting 
Engineer, Diamond Chain & Manufacturing Co., Indianapolis, Ind. 
Mem. A.S.M.E. Mr. Bartlett was graduated from Amherst College 
with the degree of B.S. in 1901 and received the M.A. degree in 1905. 
He was instructor in mathematics and drawing at Case School of 
Applied Science from 1901 to 1903, and instructor in mechanism and 
drawing, University of Michigan, from 1903 to 1910. From 1910 
until 1920 was chief engineer of the Diamond Chain & Manufac- 
turing Co., for which concern he has been consulting engineer since 
1920. He has been professor of machine design at Purdue Univer- 
sity since 1927. He is the author of several textbooks and articles 
in the technical press, and the inventor of many machines and tools. 

Contributed by the Machine Shop Practice Division for presenta- 
tion at the Semi-Annual Meeting, Cincinnati, Ohio, June 19 to 21, 
1935, of THe AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1935, for publication in a later issue of the 
Transactions. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 


of the Society. 
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Similar tables are computed on the basis of the rpm 
of the smaller sprocket instead of the chain velocity. 

These tables also allow for the extra pull on the chain 
due to centrifugal force, and for the chain lengths and 
center distances necessary to keep the rate of elongation 
within the limits allowed. 

An examination of these tables shows that, with certain 
combinations of sprocket teeth and chain lengths, loads 
twice as great as those usually given in tables can be trans- 
mitted. And these figures seem to be supported by actual 
practice. 

The subject of limiting speeds for sprockets is treated 
and three sets of limiting conditions are investigated, 
namely: (a) the effect of a single impact between chain 
rollers and sprocket teeth, (6) the energy of impact per 
tooth per minute, and (c) the effect of centrifugal action. 
A table is compiled giving maximum chain velocities and 
sprocket speeds, based upon these investigations, for 
various chains and various numbers of teeth in the sprock- 
ets. This table shows the conditions under which certain 
chains can be operated at velocities above 3000 fpm and 
other conditions under which the same chains should not 
be operated at more than 240 fpm. 


factory the tabulated ratings are likely to be erroneous. It is 
the purpose of this paper to present the results of a mathematical 
investigation of the conditions that cause chain and sprocket 
wear, and also to present evidence of the possibility as well as 
the desirability of compiling a set of tables for the proper rating 
of roller chains on the basis of all factors that affect the satis- 
factory performance of the drive. 

The number of teeth in the smaller sprocket affects the rapidity 
of wear of the chain, the uniformity of chain velocity, the effi- 
ciency of the drive, and the endurance limit of the chain. 

The rapidity of chain elongation is affected by the chain pull, 
the horsepower, the sprocket speed, the length of the chain 
bushing, the chain length, the product of the number of teeth in 
the two sprockets, and the character of the lubrication; but it is 
independent of the pin diameter unless the unit pressure on the 
pin is excessive. 

The rapidity of sprocket-tooth wear due to roller impact is 
affected by the pitch, the weight of the chain, the size of the 
rollers, the revolutions per minute, the material and heat-treat- 
ment of the sprockets, the design of the tooth form, and the 
character of the lubrication. 

The centrifugal force of the chain is affected by the weight 
of the chain and its velocity. 

The efficiency of a chain drive is affected by the number of 
teeth, the chain pull, the pin diameter, the chain weight, the 
revolutions per minute, the character of the lubrication, and the 
tangential distance along the tight strand of the chain. 

The principal consideration in the design of a chain drive is 
long service for both chain and sprockets. But such considera- 
tions as compactness, quiet action, light weight, or low initial 
cost may sometimes become paramount. In the present in- 
vestigation it is assumed that the end to be attained is a certain | 
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number of hours of service under average conditions before the 
chain has elongated to such an extent that it is no longer satis- 
factory. 

The first procedure will be the development of formulas from 
which maximum chain velocities and maximum sprocket speeds 
may be calculated for various standard chains and for various 
numbers of sprocket teeth. Having tabulated the results ob- 
tained from these formulas, other formulas will be developed to 
express the rate of chain wear and the allowable horsepower of a 
chain based upon pitch, pin diameter, bushing length, chain 
length, number of sprocket teeth, and sprocket speed. From 
these it will be possible to construct a set of tables for use in the 
selection of a chain expected to operate for a reasonable number 
of hours before being worn out. 


Cause or Sprocket WEaR?* 
The wear. ‘of sprocket teeth is mainly due to roller impact. 


While engagement between a chain and sprocket is taking place, 


each link, AB, as shown in Fig. 1, turns about the pin A with an 


Fic. | ENGAGEMENT BETWEEN A CHAIN AND SPROCKET; ANALYSIS 


oF Impact CONDITIONS 


angular speed equal to that of the sprocket. Hence the linear 
speed of the roller B along the are BC, relative to the sprocket, is 
equal to the linear speed of a point on the sprocket at a distance P 
from the center. That is, the roller strikes the sprocket with a 
speed equal to 2xPn/12 fpm, or +Pn/360 fps, where P is the 
pitch and n is the revolutions per minute of the sprocket. The 
energy of one impact is wv?/2g ft-lb, in which w is the weight of 
the impinging body in pounds, v the speed of the roller along the 
arc BC in feet per second, and g the acceleration of gravity. 
} It is uncertain how much of the mass of the chain plays a 
part in the impact, but we may reasonably assume that it is 
proportional to the weight of a link and nearly equal to it. 
Substituting +Pn/360 for v, and 32.2 for g, the energy of im- 
_ pact in foot-pounds is 


where w is the mean weight of one chain link. 

Examination of this expression shows that, in the case of 
any given chain, the destructive action due to impact between 
the chain and the sprocket is proportional to the square of the 
revolutions per minute, and is independent of both the chain 
velocity and the number of teeth in the sprocket. 

The destructive action is also proportional to the weight of 
the chain link and to the square of the pitch. Hence, if sprocket 
wear is to be reduced, the revolutions per minute, the pitch, and 
the chain weight should be as low as is consistent with strength 
and pin bearing area. 

The question might arise as to whether the chain tension F 
does not affect the amount of the impact. Undoubtedly it does, 


2 “Roller Chain Drives in Theory and Practice,” by G. M. Bartlett, 
Product Engineering, July, 1931, p. 299. 


but to only a slight extent as is deduced from the fact that under 
conditions of high sprocket speed the wear on the sprocket teeth 
seems to be as rapid under a light load as under a heavy load. 
Such as it is, this effect is proportional to F and, very nearly, 
inversely proportional to the distance from the point of impact 
to the nearest seated roller. This distance is the pitch P. The 


expression for the energy in foot-pounds of one impact would then 
be 


Pm? (» 
845617 


in which K is a very small constant, undetermined. 


Errects oF ROLLER Impact 


There are four detrimental tendencies which result from ex- 
cessive roller impact, namely, the breaking of rollers, noise, 
heating, and the wear of sprocket teeth. Roller breakage has 
been nearly eliminated by the use of better materials and proper 
heat treatment. Noise caused by impact has been reduced by 
the introduction of new designs of sprocket teeth,? and can be 
further reduced by better lubrication and the use of short- 
pitch multiple-width chains. Heating is caused by wear and is 
always accompanied by a loss of power. Sprocket-tooth wear 
is the result of a continuous succession of blows administered by 
the rollers. This wear may be reduced in the case of the smaller 
sprockets by case-hardening. But assuming that reasonable 
attention is given to all other matters the most important con- 
sideration is that of keeping the impact per square inch of roller 
area within practical limits determined by experience. And 
this means the determination of the maximum sprocket speed 
to be used with a chain of a given pitch, weight, and roller size. 


Maximum ALLOWABLE SprocKET SPEED 


The allowable amount of impact between a roller and a 
sprocket is proportional to the projected area A of the roller, which 
is the product of its length by its diameter. 

The impact in foot-pounds per square inch of projected roller 


area is 


Experience shows that for satisfactory service the energy 
of impact should not exceed, say, 0.362 ft-lb per sq in. of pro- 
jected roller area. Hence, putting [3] equal to 0.362 and 
solving for n, the maximum value of the sprocket speed in re- 

845617 0.362 A 


volutions per minute is 
= 554 
KF P KF 
2 — 
(« +3 ) w+ 


where w is the mean weight of one link. 

If we disregard the effect of the chain pull F, the constant 
K being very small, and substitute WpP/12 for w, where Ws is 
the weight per foot of chain, the maximum value of n will be 


P*n? 
845617A 


Nmax = 


1920 A 
P 


Nmax = 


By means of this formula a table of sprocket speeds may 
be made, showing the maximum number of revolutions per 
minute at which the smaller sprocket should run for each standard 


3 The British tooth form introduced by Hans Renold; the Diamond 
tooth form designed by the author; and the American tooth form 
adopted by the A.S.A. 
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chain when the pitch, the roller diameter, the width, and the 
weight per foot are known. Substituting 12V/NP for n in 
formula [4] and solving for the maximum value of V, the velocity 
of the chain in feet per minute, we have 


A 
WrP 


Maximum Revolutions per Minute Based Upon Energy of Im- 
pact per Tooth per Minute. Multiplying the energy of one 
roller impact in Equation [1] by the number of impacts per 
tooth per minute, and dividing by A, the total energy of impact 
in foot-pounds per minute per tooth per square inch of projected 
roller area is 


wP*n3 
845617 A 
Substituting W,P/12 for w, this becomes 
12 X 845617 xk A 
Let K, be the maximum value of W,P*n*/A. Then the 
maximum value of n will be 
K 
P YW, 
in which K is Ki. 
If K is taken as 2000, the maximum value of n will be 
2000 A 


This is based upon an assumed maximum impact in foot- 
pounds per tooth per minute, with only moderate lubrication. 

Mazimum Chain Velocity. To find the maximum chain 
velocity based upon the rate of sprocket wear per tooth per 
minute due to roller impact, substitute 12 V/NP for n in formula 
{6] and solve for V. Then 


This means that, in so far as the rate of tooth wear is con- 
cerned, the permissible chain velocity is proportional to the 
number of teeth in the smaller sprocket for any given chain. 

Allowable Chain Velocity as Affected by Centrifugal Force. 
The formula here developed will be based upon the theory that 
the maximum allowable centrifugal force for one chain link is 
proportional to the projected area of the roller. 

A body, such as a chain link, rotating about an axis at a speed 
of n revolutions per minute will exert a centrifugal pull directed 
radially and equal in pounds to 


Fp = 0.0000284 W,rn*® 


centrifugal force of one chain link, lb 
virtual radius of sprocket = PN/2r in. 
weight of one link = W,P/12, lb 
weight per ft of chain, lb 

P = pitch of chain, in. 

N = number of teeth in sprocket 

n = rpm of sprocket = 6V/xr 

V = chain velocity, fpm 


Substituting 
PN/2zx for r, WeP/12 for W,, and 6V/zr for n 
F,= WrV? 
18454 N 


MSP-57-1 99 


According to this theory the maximum permissible value of 
this quantity bears a constant ratio to the value of the pro- 
jected roller area A. 

Max W,V?/18454 N = KA where K; is a constant, and A 
is the product of the roller diameter times the chain width. 


Then 
[NA 
max V = K Wr 


This applies to multiple-width chains as well as to single 
chains. 

Assuming 1634 fpm as the maximum velocity of a standard 
1/,-in.-pitch chain over a 17-tooth sprocket, the value of the 
constant K will be 793, and 


where N is the number of teeth in the smaller sprocket. 

Maximum Sprocket Speed Based Upon the Effect of Cen- 
trifugal Force. Substituting nNP/12 in place of V in the 
centrifugal formula, and solving for n, we have a formula for the 
maximum revolutions per minute based upon maximum cen- 
trifugal action, 


max rpm = —— 


Table 1 gives the maximum chain velocities and maximum 
sprocket speeds for standard roller chains and for various numbers 
of teeth in the sprockets. They are the minimum calculated 
results from formulas [4] to [9], inclusive. 


CHAIN ELONGATION OR STRETCH 


This is caused by wear between the pins and bushings which 
increases the size of the holes and reduces the size of the pins. 
This causes an increase in the pitch distance between the roller 
centers of each pin link, but does not affect the pitch of the 
roller links. 

In Fig. 3a, the forward roller B of a pin link BC has just 
seated itself between the teeth of the driving sprocket. The pin 
link now begins to turn about the center of the forward pin B 
until the next roller C has seated itself. The angle of bend is 
360/N,. During this turn, the pressure between the pin and 
bushing is equal to the whole load on the chain; but there is no 
wear between the bushing ‘and the roller, nor between the roller 
and the sprocket. At this instant, the next link, CD, in Fig. 4a, 
which is a roller link, begins to turn about the rear pin C. During 
this turn the average pressure between the rear pin and its 
bushing is less than the load on the chain, and there is definite 
wear between the bushing and the roller. 

As the same links leave the driven sprocket, Figs. 3b and 4b, 
the reverse conditions hold. It is evident that if the. driving 
sprocket is smaller than the driven sprocket the forward pin of 
the pin link will wear more rapidly than the rear pin, and if the 
driving sprocket is the larger of the two, the rear pin will wear 
more rapidly. 

Maximum Elongation. The stretching that can take place in a 
chain, before it becomes unfit for further use, varies according 
to the number of teeth on the larger sprocket, and the character 
of the drive. In some cases, chains are not discarded until they 
have stretched to the extent of 3 per cent or more of their original 
length, and in others they are considered unfit for use before 
they have stretched half that amount. As the number of teeth 
increases, a chain with 3 per cent elongation acts at higher 
points on the teeth, until when the number of teeth has reached . 
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TABLE 1 MAXIMUM REVOLUTIONS PER MINUTE AND MA CHAIN VELOCITIES FOR AMERICAN STANDARD ROLLER- 


Roll 


Chain 
No. Pitch diam 
35N 0.200 


41 0.306 
40 5/16 
50 .400 
15/s2 
1 5/s 
1'/s 3/6 
1'/2 7/s 
1 
2 1'/s 
21/2 1*/i6 


Note: ® Upper figures are maximum revolutions per minute. 
about 60 the roller centers are acting as far out as the addendum 
circle of the sprocket. 


Forces ACTING ON THE LINKS 


In Fig. 2, the sprocket is driving counter-clockwise and the 
tight strand of the chain is moving in the direction XBA. The 
roller B has just seated itself, and at this instant, its pressure 
upon the tooth is zero. The first active roller on the sprocket 
is A, upon which there are three forces acting, namely, AX 
which is equal to the tension F in the chain, ZA which is normal 
to the tooth curve at the point of contact with the roller, and 
YA which acts along the center line of the link AD. By drawing 
XZ through X parallel to AD, we have the force diagram AXZ 
in which XZ is the tension in the link AD, and ZA is the pressure 
between the roller and the tooth. The angle X AZ is the pressure 
angle. During the time that the link AB has been turning about 
the pin A the tension in the link hasnotchanged. | 3 Y J 

If AB is a pin link, the forward pin A supports a bearing 
pressure equal to AX during the entire bending motion of AB 
about A. 

If AB is a roller link, the pin is attached to the pin link AD 
and hence, during the bending, the pin pressure has decreased 
from AX to XZ, and the average pressure can be taken as about 
one half the sum of AX and XZ. 

If N; is the number of teeth; ¢, the pressure angle; and F 
the tension AX in the straight portion of the chain, then the 
pressure in pounds on the first tooth at A is, from the law of 
sines, 


The tension in pounds in the link AD is 
F sin ¢ 


£360 
ain + $1 


The average pin pressure on the rear pin of a pin link during 
the flexing of a link at the driver is, in pounds, very nearly 


F’ = XZ = 


. 180 
+ (12 +4) 


4 360 
sin + 


No. of teeth in smaller sprocket 
17 0 24 


2 


>’ Lower figures are maxirnum chain velocities. 


By laying out the force triangle successively for each link, 
the tooth pressures and link tensions can be determined for any 
link. 

No significant rolling action takes place between the chain 
rollers and the sprocket teeth. Each bushing, however, turns 
within its roller an amount equal to 360/N, every time it passes 
around a sprocket with N; teeth. The forward bushing on a 
roller link turns in the roller during approach and the rear 
bushing turns during departure. Thus the hole in the roller 


Fig. 2. Forces AcTiInG on THE LINKS 


receives uniform wear in all parts throughout the life of the 
chain. The rate at which the rollers turn over their bushings 
in turns per minute is theoretically equal to m/Ni + m/N2, 
where mn, and m are the sprocket speeds, and N, and N, the 
numbers of teeth on the sprockets. 

Rate of Wear Between Pins and Bushings. As chain elongation 
or “‘stretch” is caused by wear between the pins and the bushings 
in which they turn, and since a reduction of this elongation 
means a longer period of service for the chain, a careful study 
of what takes place when a chain approaches and leaves each 
sprocket is important. 

In Fig. 3 are shown a driving sprocket at a, and a driven 
sprocket at b, and a chain in which a link on each sprocket is 
about to flex. Fig. 4 represents the same sprockets and chain 
as in Fig. 3, but advanced one pitch. 

In Fig. 3a, the link AB is a roller link and BC is a pin link. 
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B will be called the forward pin and C the rear pin of the pin 
link. While the driving sprocket is turning through 1/N; 
revolutions, C moves to the position B and seats itself between 
the next pair of teeth. In doing so, the link BC turns through an 
angle of 360/N, with respect to AB, and the pin B turns within 
its bushing the same amount. During this rotation, the bearing 
pressure between pin and bushing has been equal to the working 
load F of the chain. 

If d is the pin diameter, F the chain pull in pounds, and f the 
coefficient of friction, one bend of a pin link at the driver pro- 
duces a frictional loss, in foot-pounds, of 


During this action, the roller has not turned between the 
teeth of the sprocket, nor has the bushing turned within its 
roller. This pin comes into action on the driving sprocket 
nN,/2L times per minute, where L is the total number of links 
in the chain, and n is the revolutions per minute of the driving 
sprocket. Hence, the frictional loss in foot-pounds per minute 
on each forward pin over the driver is 


Now this same pin B which plays a part in the bending of a 
pin link over the driver, plays its part in the bending of a roller 
link when leaving the driven sprocket, Fig. 3b. In this case the 
pressure between pin and bushing at B is F lb at the end of the 
motion; but at the beginning of the turn it is less than F lb 
as given in formula [11]. The average pressure in pounds 
during the turn is very nearly as in formula [12], as follows: 


{ 180 
nin +2 in (18 +) 
Na 


in (380 
sin 


where ¢ is the pressure angle corresponding to N; teeth. Multi- 


Av. pressure = 3 1 + . [12] 


plying by we as in [14], the frictional loss in foot-pounds per 


minute on each forward pin over the driven sprocket is 


sin ¢: + 2 sin 
N2 


£360 
an +e) 


Assuming the average pressure angle during the life of the 
chain to be (26 deg — 92 deg/N3),* substituting this for #2, and 
adding formulas [14] and [15], we have for the frictional loss of 
each forward pin over both sprockets, in foot-pounds per minute 


1+ 
sin (x + 


rdfFn, M 


By a similar process each rear pin of a pin link can be shown to 


‘See A.S.A. Standard, B29a—1930. 
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undergo a rate of wear, in foot-pounds per minute over both 
sprockets, equal to 


92 : 88 
rdfFns Ns sin (x + 2 sin (26 + =) 
96 L M ( 
sin { 26 + — 
Ni 
[17] 


in which n, can be replaced by Nim;/Nz, since n/m, = N,/N2. 

The projected area of the pin is dB, where B is the effective 
length of the bushing. If the sum of Equations [16] and [17] 
is divided by 2, we shall have the average foot-pounds per minute 
per pin lost in friction. If this is then divided by dB the result 


Roller 


Link 


N, Teeth 
(a) (b) 


N2 Teeth 


Fie. 3 ANALYSIS OF WEARING ConDITIONS BETWEEN meee 
BuSHINGS, AND Pins 


(a, Driving sprocket, 6 driven sprocket, and a chain in which a link on ial 
sprocket is about to flex.) 


Roller 360° | Pin 
Link 


Link 


No Teeth 


N, Teeth 
(a) 


Fic. 4 Tuts REPRESENTS THE SAME SPROCKET AND CHAIN AS IN 
Fie. 3 BuT ADVANCED ONE PitcH 


will be the number of foot-pounds per minute per square inch 
of pin area lost in friction, namely, 
192 LB 


(1 + Ni/N; uni) [18] 


where [16] and [17] represent the parenthetic portion of formu- 
las [16] and [17], respectively. 

For purposes of study, we must assume that the chain length 
bears a constant relationship to the size of the sprockets. As the 
minimum number of pitches in a practical drive is about equal 
to the sum of the teeth in the two wheels, we may put N; + N; 
in place of L in formula [18]. Also, since the expression for the 


horsepower of a chain drive is H = es we can substitute 
_— for Fn. Then the work of friction in foot-pounds 
1 


per minute per square inch of projected pin area is 


where (./) is equal to the expression 


12 
4 
A ink, 
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F 
92 88 
5 + sin + 2sin (2 + 


Ni(Ni + Ne) sin (2 + 
M 


5 + ain ( (20 + 8) 
2 N2 


+ N;) sin (2 + = ) 
2 


TABLEZ2 VALUES OF M AND 7.35/NiN: 


Teeth on 

larger ———Teeth on smaller sprocket: 
sprocket 12 16 20 30 
0.02220 
0.02293 
0.01492 
0.01533 
0.01121 
0.01147 
0.00747 0.00607 
0.00767 0.00612 
0.00447 0.00363 
0.00459 0.00367 


+ Lower figures are values of 7.35/NiN2. 


0.01792 
0.01836 
0.01209 
0.01224 
0.00910 
0.00918 


0.01953 
0.02043 


0.01465 
0.01533 


0.00974 
0.01021 


0.00582 
0.00612 


@ Upper figures are values of M. 


Values of this quantity, M, for various combinations of N; 
and Ns are found to be very close to those obtained from the 
simple expression 7.35/NiN2. In the body of Table 2, the upper 
figures are values of M and the iower figures are values of 7.35/ 
N,Ne. It is evident that without serious error we can put this 
shorter expression in place of M and simplify formula [19] thus: 

Work of friction in foot-pounds per minute per square inch 
of pin area is 


47628fH 
where the chain length = N; + N2 pitches. But for any other 


chain length, Lp, the work lost in friction between pins and 
bushings is 


(nearly. 


47628fH _Ni+ Nz 
BPN, 


where L, is the actual chain length in pitches. 

Assuming that chain elongation is proportional to the unit 
wear between pins and bushings, and that unit wear is propor- 
tional to the work of friction per square inch of projected pin 
area, the value of the expression in any one of formulas [18], 
{19], [20], or [21] is proportional to the rate of elongation of the 

_chain due to wear between pins and bushings. 

An inspection of formulas [18], [20], and [21] shows that the 
rapidity of chain elongation varies directly as the chain tension, 
the sprocket speed, the coefficient of friction, and the horse- 
power. It varies inversely as the chain length, the bushing 
length, the pitch, and, very nearly, the product of the numbers 
of teeth in the two sprockets, assuming that L = N,; + Nz. 
It is independent of the pin diameter providing that the di- 
ameter is sufficient for strength and for proper bearing area. 
It also appears that if N; and N; are interchanged in the formula, 
the value of the expression is not changed, and so we can con- 
sider N; as the number of teeth on the smaller sprocket regard- 
less of whether it is the driving or the driven wheel. 

Maximum Horsepower. In order to derive a formula for use 
in the selection of a chain for a given horsepower, sprocket speed, 
and number of teeth on driving and driven wheels, let it be as- 
sumed tentatively that the chain length L will be equal to the 
minimum of N, + N; links. In the average drive this will be 
somewhat greater, but the difference will be on the side of safety. 
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Let it be further assumed that the maximum rate of wear 
(expressed in terms of the work of friction) should not exceed, say, 
44 ft-lb per min per sq in. of projected pin area, and that the 
coefficient of friction f is 0.04. Then, 44 will be the maximum 
value of 


47628 X 0.04 X H 
BPNWN: 


Whence, max hp = 0.023 BPN,N, 


It should be noted that the constant 0.023 is arbitrary and 
can be increased or decreased depending upon what may be 
considered a reasonable rate of wear. 

For a chain whose length is other than N; + Nz links, the 
horsepower determined from [22] should be multiplied by 
L,/N: + Na, where L, is the number of links or pitches in the 
chain. 

Maximum Unit Bearing Pressure on Pins. From formula 
[22] it might appear that the amount of power that a given 
chain drive can transmit satisfactorily depends only upon the 
pitch, the bushing length, the number of links in the chain, and 
the product of the number of teeth in the two sprockets. This 
would mean that the horsepower is independent of the pin 
diameter and of the chain velocity. If, however, the chain 
velocity is too low, the working pull on the chain may become 
very high and produce an excessive bearing pressure on the pins. 
The pressure per square inch of projected pin area should not 
exceed 5000 to 6000 Ib for standard roller transmission chains. 
VB “ where Bd is the 
projected pin area, and if this is put equal to 5000 Ib as a maxi- 
mum, we have 


The unit pressure on a pin is equal to 


max hp = 0.152VBd....... (23) 


It now appears that the maximum horsepower of a drive 
whose chain contains N; + N; links is the lesser of the two values 
obtained from formulas [22] and [23]. 

Centrifugal Pull in Chain. The extra pull in the chain in 
pounds due to centrifugal force is 


Where Wr is the weight in pounds per foot of chain, and V is the 
chain velocity in feet per minute. This formula is derived in 
the following way. The well-known expression for the tension 
induced in a belt by centrifugal force is Wv?/g lb; where W is the 
weight of a strip of belt 1-ft long and 1 sq in. cross-section, v 
is the belt velocity in feet per second, and g is the force of gravity. 
If V is the velocity in feet per minute, 


ry — WrV? WrpV? 
60 * 3600 X 32.2 115920 


This extra chain pull imposes an added horsepower load 
equivalent to: 


VF. V 


33000 33000 


WrpV? 
115920 


WrV? 


Hence, centrifugal hp = 


This amount of power is not actually added to that required by 
the chain; but its effect on the rate of wear of the chain is the 


same as if that amount of extra power actually were being trans- 
mitted. The only additional demand upon the source of power 


‘ 
60 
12 
408 0.00204 4 
248 0.00128 
245 0.00122 
j 
W,V? 
115920 
3,825,360,000 
ke 


MACHINE-SHOP PRACTICE 


is that required to overcome the extra friction due to such an 
increase in the load; and this is comparatively small. 

If formulas [22] and [23] are to express the maximum power 
that can be transmitted by a given drive without producing 
excessive wear or excessive pin pressure, this centrifugal horse- 
power must be deducted from that given by these formulas. 
We now have, for a drive using a chain containing N; + N2 
links, the lesser of the values found from the two formulas: 


WrV? 
hp = 0.023BPN,N, — ——————-........ 
max hp 3,825,360,000 [26] 
WrV? 
max hp = 0.152V Bd — ——————__ 
3,825, 360,000 


HorsePOWER TABLES BASED ON CHAIN VELOCITY AND THE 
Propuct N, X N, 


The horsepower values yielded by the two formulas, [26] and 


127 aroqul when = 
Table 3 shows horsepower values for various values of N,N: 


and various chain velocities for 1-in.-pitch standard roller chain 
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Ni? 
And if the tangential distance is an exact multiple of the pitch, 
the elastic stretch is a minimum and equal, in inches, to 


é 
N2 


where sin 6 = 1 1— = and D, and D, are the pitch diameters 
nD, 


of the smaller and larger sprockets, respectively. 

A part of this stretch may be absorbed by the films of lubricant 
between the pins and bushings if the working load is not too 
great, and a part is taken up by an elastic stretch in the chain 
itself. This induces stresses in the chain over and above those 
due to the working load, and these stresses are inversely pro- 
portional to the length of the chain span and directly propor- 
tional to the elastic stretch. Hence, a short center distance 
should not be combined with a low number of teeth on the 
sprockets. A safe rule for the minimum center distance is 20 
pitches. This insures that the minimum span of the chain from 


TABLE 3 HORSEPOWERS FOR STANDARD ROLLER CHAIN NUMBER 804 


Chain velocity in fpm 

Ni X Na 48 60 78 97 121 155 194 242 $10 388 485 620 775 1200 1600 
100 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.00 1.99 1.96 1.91 1.81 1.27 a 
125 2.01 2.51 2.651 2.51 2.51 2.51 2.61 2.51 2.50 2.49 2.46 2.41 2.31 1.77 4 
160 2.01 2.51 3.22 3.22 3.22 3.22 3.22 3.23 3.21 38.90 38.17 3.12 3.@ 32.48 1.4 
200 2.01 2.51 3.22 4.02 4.02 4.02 4.02 4.02 4.01 4.00 3.97 3.92 3.82 3.28 2.20 
250 2.01 2.51 3.22 4.02 5.03 5.03 5.03 5.03 5.02 5.01 4.98 4.93 4.83 4.29 3.29 
320 2.01 2.51 3.22 4.02 5.03 6.44 6.44 6.44 6.43 6.42 6.39 6.34 6.24 5.70 4.70 
400 2.01 2.51 3.22 4.02 5.03 6.44 §.04 8.04 8.03 8.02 7.99 7.94 7.84 7.30 6.30 
500 2.01 2.51 3.22 4.02 5.03 6.44 8.04 10.0 100 10.0 10.0 9.95 9.85 9.31 8.31 
640 2.01 2.51 3.22 4.02 5.03 6.44 8.04 100 12.8 12.8 12.8 12.8 12.7 12.1 11.1 
800 2.01 2.51 3.22 4.02 5.03 6.44 8.04 10.0 12.8 16.0 16.0 16.0 15.9 15.3 14.3 
1000 2.01 2.51 3.22 4.02 5.03 6.44 8.04 10.0 12.8 16.0 20.0 20.0 19.9 19.4 18.4 
1280 2.01 2.51 3.22 4.02 5.03 6.44 8.04 100 12.8 16.0 200 25.6 25.5 25.0 24.0 
1600 2.01 2.51 3.22 4.02 5.03 6.44 8.04 100 12.8 16.0 200 256 31.9 31.4 30.4 

®P = lin. B = 0.875 in., d = 0.312 in, roller diameter = 0.625 in., and Wr = 1.63 lb. 


No. 80. Where the chain length is other than N, + N;2 pitches, 
the tabulated horsepowers above the heavy line should be 
multiplied by the actual chain length in pitches and divided by 
Ni + Ns, but they should not be multiplied by more than 1.5 
nor should they in any case exceed those shown in the same 
column below the heavy line. For chain velocities below 
100 fpm, the horsepower is proportional to the velocity. 

Values of N,N; lying between 400 and 1000 will probably 
comprise 80 per cent or more of all chain drives in use. Any 
value of N,N3, such as 720, may stand for a number of combina- 
tions, such as 8 X 90; 15 X 48; 18 X 40; ete. 

Not all of these possible combinations will make satisfactory 
drives. For example, 10 teeth combined with a chain velocity 
of 1000 fpm or 16 teeth combined with a velocity of 1500 fpm 
would not be good praetice because these velocities are beyond 
those given as the maximum in Table 1. 

Elastic Stretch in the Chain. Due to the polygon effect in 
sprocket action, the angular speed ratio between the two wheels 
tends to vary between a maximum and a minimum during the 
passage of each tooth. But due to the inertia of the wheels and 
their attached masses this variation is resisted, and the result 
is that in order to compensate for the polygon action there must 
be a rapid succession of changes in the length of that portion of 
the chain which spans the distance between the two sprockets. 
This elastic stretch is greatest when the tangential distance 
between the sprockets is an odd multiple of half the pitch; 
in which case it is very nearly equal, in inches, to 


the driving to the driven sprocket will generally be between 
17 and 20 pitches. 


Horsepower TABLES Basep ON SprocKET 


In most cases of chain drive calculations, the known quantity 
is the revolutions per minute of the smaller sprocket rather 
than the chain velocity; and so a more convenient and informa- 
tive table for reference would be one in which the sprocket 
speeds are read at the top of the table and various combinations 
of teeth are listed in the left-hand column, as shown in Table 4 
which is calculated for the same chain (No. 80) as in Table 3. 

Tables of this sort should be much more extensive than Table 
4, but their greater usefulness offsets the disadvantage of cum- 
bersomeness. 

For the computation of such tables, the necessary data are the 
pitch P, the bushing length B, the pin diameter d, and the weight 
per foot Wr. Then, putting V equal to PNyn,/12 in formulas 
[26] and [27], we have for the horsepower the lesser of the two 
values, 


WrP?N,'n,? 

hp = 0.023PBN\N: — [28} 
WrP 3N3n,3 

hp = 0.0127PBdNin, — 6,609,081,600,000 °°" [29] 


This assumes a chain length of N; + N2. But a more reason- 
able chain length is one that will make the center distance be- 
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TABLE 4 HORSEPOWERS FOR STANDARD ROLLER-CHAIN NUMBER 80¢ 


Cent. 


dist. 
(pitches) 162 183 202 225 
8.42 8.42 8.41 8.41 
8.42 9.51 9.51 
8.42 10.5 


348 433 487 
8.38 


62 
64 
68 
70 
74 
80 
86 
92 
104 
120 


=1in, B = 0.875, d = 0.312, Wr = 1.63 lb. 


PERSE 


14.8 


, and maximum speed 


tween the sprockets approximately. 20 pitches. This will be 
accomplished if the chain length is made equal to 38 + 0.6 
(N, + Ne) pitches for all values of Ni + Nz less than 95, but 
equal to N; + Nz when the sum exceeds 95. 

Formula [28], then, can be used when N,; + N;z is over 95, 
but for values of 95 and less, the first term of [28] must be 
multiplied by the quotient of 38 + 0.6(N, + N2) divided by 
N, + Ne and the formula will then be 


WrP 3N 
6,609,081,600,000 


63.33 


Table 4 gives horsepower values for drives using 15 teeth on 
the smaller wheel, and also for drives using 19 teeth. Values of 
N; are chosen for convenience in an approximate geometric 
series. Values for the revolutions per minute may be arbitrarily 
chosen, but in the first half of this table they were computed 
from the formula 


63.33 
1 
tag ) 


for the several values of N2, so that the horsepower found from 
formula [30], for any given value of N:, would be equal to that 


( 
d 


CH 


te 
to 
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47 
.28 
-28 
0 
3 
25.2. 
33 
3 
1 
7 
5 
5 
7 
0 
7 
7 
3 
7 


t to 
RAR 


= 940 rpm. 


found from formula [29] using the corresponding value of n. 
This determines the location of the heavy lines, below which 
are the horsepower values based upon a maximum unit pin 
pressure of 5000 lb and calculated from [29]. All values above 
the heavy line are calculated from formula [30], except where 
N, + Nz is greater than 95, in which case, formula [28] is used. 
For convenience in this case the same values of revolutions per 
minute have been tabulated for 19 teeth as for 17 teeth. 

In tables previously published it has been customary to re- 
duce the allowable pin pressure as the speeds increase. It can 
be shown that the actual rubbing distance in feet per minute 
between any pin and bushing acting over both sprockets is 


wdn,(N; + No) 
12 


This is the expression for the average rubbing velocity. It gives 
3.06 fpm for No. 80 chain with 10 and 10 teeth at 940 rpm; 
and it gives 0.96 fpm for the same chain with 16 and 100 teeth 
at 940 rpm. As we have numerous examples of punch-press 
pressures ranging from 5000 to 7000 lb at more than 100 fpm 
rubbing speed, it would seem that there is no theory supporting 
a gradual reduction of unit bearing pressures in chains where the 
maximum rubbing speed is as low as 3 or 4 fpm, and where the 
periods of rest are relatively much greater than in punch presses. 
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15 15 56 8! 3 

Pilate 15 18 58 9.51 9.50 9.39 9.38 9.37 9.32 9.32 8.72 

4 are 15 21 60 10.5 10.5 10.5 10.5 10.5 10.4 10.4 9.81 

15 25 62 20.93 8.42 52 10.5 Tif 11.7 11.7) 1.7 11.7 11.6 11.6 11.0 

15 30 66 21.61 8.42 5210.5 13.) 13.1 13.1 18.1 13.1 13.0 18.0 12.4 

oe a 15 36 68 20.97 8.42 52 10.5 11 13. 14.6 14.6 14.6 14.6 14.5 14.5 13.9 

Bee ans 15 43 72 21.01 8.42 52 10.5 11 18. 14.6 T62 162 2 16.2 16.2 15.6 

ees. 15 51 78 21.73 8.42 52 10.5 11 13. 14.6 16.2 18 18.0 18.0 17.4 

te pier 15 60 84 22.06 8.42 52 10.5 11 18; 14.6 16.2 18 20.8 20.8 20.2 

See 15 72 90 21.28 8.42 52 10.5 11 13. 14.6 16.2 18 22.4 22.4 21.8 
com 15 86 102 22.91 8.42 62 10.5 11 13. 14.6 16.2 18 22.4 25.2 24.6 

aes 15 102 116 24.82 8.42 52 10.5 11 13. 14.6 16.2 18 23.4 363 30.1 

19 19 60 20.50 nse U6 11.4 114 1 10.2 

19 21 20.99 13.4 2:4 1 ms i 11.0 

eae 19 25 20.97 13.9 13.9 13.9 13 13.8 13.7) 1 12.5 

19 30 21.67 16.7 We 15.6 156 1 14.4 

19 36 21.07 16.6 17.7 17.7 17 17.6 17.6 1 16.4 

Ce ae 19 43 21.15 16.6 85 19.9 19 19.8 19.7 1 18.5 

19 51 21.89 16.6 18.5 20.6 22 9.1 2.0 20.8 

Br ton 19 60 22.27 16.6 18.5 20.6 24.8 24.8 2 23.6 

oer 19 72 21.57 16.6 18.5 20.6 22.9 " 97.8 97.8 3 26.6 

19 86 23.26 10.8 = 12. 13 14.8 16.6 18.5 20.6 22.9 28.4 31.4 3 30.2 

19 102 26.38 13 mm 8616.6 20.6 22.9 23.4 3 37.6 
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Radiation Intensities and Heat Transfer 
by Radiation in Boiler Furnaces 


By HUBER O. CROFT! anv C. F. SCHMARJE,? IOWA CITY, IOWA 


This paper describes the development of an absorption 
calorimeter with a fused-quartz window and discusses its 
use in connection with a series of boiler tests. The results 
of these tests are compared with the Hudson-Orrok formula 
and the Wohlenberg method of computing radiation 
heat transfer. 

A tentative empirical equation is given for computing 
radiation intensities, taking into account the dirtiness of 
the cold surfaces. Tentative formulas are also given for 
computing the average heat transfer by radiation in boiler 
furnaces. 


HERE have been several methods suggested for the 

computation of the radiant-heat exchange occurring in 

boiler furnaces. Of these, probably the best known are 
the Hudson-Orrok formula, and the Wohlenberg method. 

The purpose of this investigation is, first, to secure experi- 
mental data which will serve as a basis for comparing the results 
obtained by the two methods of computation mentioned above, 
and, second, to arrive at a simple empirical equation to fit these 
data. 

The method consisted of determining, experimentally, the 
intensities of radiation at various locations inside a boiler furnace 
during a series of boiler tests.* For this purpose there has been 
developed a quartz-window radiation calorimeter. 


DESCRIPTION OF THE RADIATION CALORIMETER 
AND Its CALIBRATION 


Description of the Calorimeter. The principle of operation 
of the radiation calorimeter developed for this investigation 
is to absorb in a stream of water, the radiant energy passing 
through a fused-quartz window. The energy absorbed by the 
water is indicated by the increase in the temperature of a mea- 
sured quantity of flow. 


1 Professor and Head of Department of Mechanical Engineering, 
University of Iowa, Iowa City, Iowa. Mem. A.S.M.E, Professor 
Croft received the B.S. degree from the University of Colorado in 
1918, and M.S. from the University of Illinois in 1925. He served 
on the faculties of the University of Illinois and Stanford before as- 
suming his present responsibilities. Professor Croft represented the 
Society at a joint meeting with the Mexican Society of Engineers 
in Mexico during the summer of 1934. 

2? Graduate Student in Mechanical Engineering, University of 
Iowa. Jun. Mem. A.S.M.E. Mr. Schmarje received the degree of 
B.S. in M.E. from the University of lowa in 1932. Following his grad- 
uation he was research assistant in mechanical engineering, engaged 
in work relating to the utilization of Iowa coals. He received the 
M.S. degree in 1934. At present he is pursuing post-graduate work 
in an experimental investigation of heat transfer by radiation in 
boiler furnaces. 

’ These tests were conducted in cooperation with the Committee 
on Utilization of Iowa Coal. A report of these investigations will 
be made in the near future. 

Contributed by the Fuels Division for presentation at the Semi- 
Annual Meeting, Cincinnati, Ohio, June 19 to 21, 1935, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be 
accepted until July 10, 1935, for publication in a later issue of 
Transactions. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


The calorimeter is shown in Fig. 1. The pyralin-walled, 
water chamber, A, is surrounded by an air chamber, except at 
the front end, which is closed by means of the fused-quartz 
window W, held in place by an aluminum tube T against a 
bakelite partition D. This partition in addition to being the 
support for the inner assembly, consisting of the absorption 
chamber and its surrounding air chamber (shown in detail in 
Fig. 1-A), is also the boundary between the front cooling 
chamber F and the rear cooling chamber R. Into the rear of 
the outer copper shell S is screwed an iron water-cooled pipe P, 
through which are led the water tubes to the absorption and 
cooling chambers, A, F, and R, together with the thermocouple 
leads. 

The thermocouples for the main chamber are made of No. 22 
copper and constantan wires with the junctions formed by solder- 
ing the two wires together. These couples are insulated with a 
thin layer of pyralin and sealed into the inlet and outlet pyralin 
water tubes of the absorption-chamber A. These couples were 
calibrated in air, and in flowing water before installation, and the 
calibration was checked after assembly in the tubes. 

The thermocouple leads, insulated with silk and two coats 
of varnish, are carried out through a glass tube to the rear of the 
supporting pipe, P. 

Operation of the Calorimeter. In operation, the three cham- 
bers, A, F, and R were supplied with water from a constant 
level tank. The flow through the absorption chamber was regu- 
lated to about 30 to 35 lb per hr, which should give turbulent 
flow about the outlet thermocouple. 

The electromotive forces of the couples were determined against 
a third copper-constantan junction placed in a thermos jar of ice 
water, by means of a Leeds and Northrup precision potentiome- 
ter; the electromotive forces were determined for both the 
inlet and the outlet thermocouple about 15 separate times in 
the course of observations of approximately six minutes duration, 
readings being made to 0.005 millivolt, corresponding to a tem- 
perature interval of 0.2 F. 

The water discharged from the absorption chamber was 
collected in a calibrated glass flask, the time of collection being 
noted with a stopwatch. The probable error in the water-rate 
determinations is less than one-half of 1 per cent. 

Calibration of the Calorimeter. The calibration of the calorime- 
ter consisted in comparing the radiation received by the calo- 
rimeter from an electrically heated carbofrax plate, with that 
received by a special ‘black-body”’ absorber in the same location. 

The black-body absorber was similar to those which have been 
used by H. C. Hottel and J. D. Keller,* and by E. Schmidt.* 
It consists of a cylindrical cavity C, Fig. 2, with blackenea walls 
which are surrounded by a water chamber W. Pyralin-insulated, 
copper-constantan thermocouples are sealed in the inlet and 
outlet tubes of the water chamber. The outer walls of the water 
chamber, W, are thermally insulated with 85 per cent magnesia. 
Water-cooled shields F, and O, protect the absorption chamber 


4 “Effects of Reradiation on Heat Transmission in Furnaces and 
Through Openings,” by H. C. Hottel and J. D. Keller, Trans. 
A.S.M.E., vol. 55, 1933, paper IS-55-6-39. 

5 “Die Warmestrahlung von Wasser und Eis, von bereiften und 
benetzten Oberflachen,” by E. Schmidt, Forschung auf dem Gebiete 
des Ingenieurwesens, vol. 5, 1934, p. 1. 
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Fie. 1 oF THE QuARTZ-WINDOW RapDIATION CALORIMETER 
\-THERMOCOUPLE LEADS 
SIDE WATER =O _}- K BODY BERS = 
\THERMOCOUPLE LEADS 
Fie. Derains or THE BLack-Bopy ABSORBER 
RADIATION CALORIMETER AY 
from radiation at the front and sides, and define the opening uf | 15 Opf 2% 
of C, which is of the same size as the opening of the quartz- on, d Z 22 
The calibration arrangements are shown in Figs. 3 and 4. Z 
In Fig. 3, the absorption of the black body was determined for a : fe} 3 eZ 
series of different temperatures of the heated plate, as indicated 
by the chromel-alumel thermocouple imbedded in the front Ou 
surface of the hot-plate. Then in another series of tests (Fig. Se 
4), the absorption of the radiation calorimeter with the quartz- SAA: Z LLLZ- 
window was determined for the corresponding hot-plate tempera- ~ Ke 
tures. A special water-cooled shield was used with the quartz- Fics. 3 anp 4 VerticaL Sections THrovgn CALIBRATION 
window instrument in order to duplicate the shape of the black- ARRANGEMENTS 
body absorber. 


The calibration data are shown in Fig. 5. In these graphs the special black-body absorber, have been plotted against the 
the energy absorbed by the quartz-window calorimeter, and by _ radiation intensity at the surface of the hot plate. The radiation 
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intensity has been computed by 
means of the Stefan-Boltzmann 
law, which may be expressed as 


= 0.172 X 0.92[(Ty/100)* ft 


in which 7 is the radiation in- 

tensity in Btu per sq ft per hr; | _f) 

0.172 is the radiation constant; 
0.92 is the emissivity of the hot 
plate as determined experimen- = 3 

tally in an earlier investigation ;* 
T; is the absolute temperature | 
of the surface of the hot plate as ; 
measured by the chromel-alumel | 
thermocouple; and 7. is the | 


| 
absolute temperature of the re- = 
It will be noted in Fig. 5 that es HH - » 
the energy absorbed by the ig Q i 


proportional to the radiation fe SEH 179 
intensity 7. Also, the energy 3 SS 4 
absorbed by the quartz-window 
instrument is apparently propor- 
tional to the radiation intensity J. 
The ratio between the energy 
absorbed by the quartz-window 
instrument and the energy which 
would be absorbed by the spe- 
cial black-body absorber is 0.464 
from Fig. 5. The calibration 
equation for the quartz-window 
instrument is 


‘The Construction and Cali- 
bration of an Instrument for the 
Measurement of Radiant Energy 
in Boiler Furnaces,” by L. P. 
Meade, Thesis, State University of 
Towa, 1934. 


_ = 
33) —— 1 Fie. 6 Cross-SecTION oF BotLer, STOKER, AND SETTING, SHOWING 
: THE LOCATION OF THE OBSERVATION Doors 


I = M/0464 = [2] 


in which J is the radiation intensity in Btu per sq ft per hr; 


: | and M is the measured energy-absorption rate of the calorimeter 
40 T in Btu per sq ft per hr. The radiation intensity, 7, which has 
¥ been studied in this investigation, is the rate of radiant-energy 
Pn “a T = absorption in Btu per sq ft per hr, which would be experienced 

g | by a perfectly black surface at 90 F. 
3 a a ot a ee It was the object of the calibration tests to have the two 
ze a— arrangements of Figs. 3 and 4 such that it would not be neces- 
3 2 8 - sta by sary to determine the exact temperature of the front surface of 
re cant i | = | the hot plate, but to use the temperature as indicated by the 
a ag Sa | | chromel-alumel thermocouple as a guide to show when the true 
.., ers | surface temperatures were identical in the two separate arrange- 

| Then, for a given hot-plate temperature, the energy absorbed 
a | | | by the quartz-window calorimeter could be compared directly 
| with that received by a black-body absorber of similar size for 
$ eas the same radiation intensity. Thus the calibration does not 
depend upon the accurate determination of the temperature at 
35 40 43 30 3s - the exact boundary of the hot-plate, nor upon geometrical 
| eee “form factors.” It depends, rather, almost wholly upon how 
: Fic. & CaLwration Curves oF THE QuaRTz-Winvow nearly the so-called black-body absorber approximates a true 


CALORIMETER AND THE Biack-Bopy ABSORBER black body (which absorbs all incident radiation, reflecting none) 
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TABLE 1 ACTUAL RADIATION 
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¢ All intensities expressed in thousands of Btu per sq ft per hr. 
= 2.155 M, see Equation [2]. 
¢ For location of various doors see Figs. 6 and 13. 


It has been assumed in the foregoing discussion, that the 
emissivity of the black-body absorber (Fig. 2) is 1.00, i.e., that 
the absorber is a true black body. Actually, the emissivity 
might be slightly less than unity. The emissivity of the inner, 
acetylene-soot-covered surfaces is about 0.945.7 But the net 
emissivity of the cavity is considerably greater than the indi- 
vidual emissivities of the surfaces which form its walls, because 
the absorbing surfaces form an inclosure, and since the amount of 
incident radiation which is not completely absorbed at the 
blackened surface which it strikes inside the cavity will be more 
likely to be absorbed at another part of the blackened surface 
than tc escape through the front opening. It is reasonable to 


7 “Surface Heat Transmission,” by R. H. Heilman, Trans. 
AS.M.E., vol. 51, 1929, p. 289, paper FSP-51-41. 
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suppose that the resultant emissivity is about 0.98. 

If it were assumed that the emissivity of the spe- 
cial absorber is 0.98, the calibration equation for the 
quartz-window instrument would be changed by 2 
per cent. Since the resulting correction for emissivity 
is only 2 per cent or less, it will not be used at this 
time. 
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37.1 APPLICATION OF RADIATION CALORIMETER TO 


Borter TEstTs 


Description of Boiler and Furnace. The tests herein 
described were conducted on a steam-generation unit 
equipped with an underfeed stoker, located in the 
heating plant of the State University of Iowa. The 
unit tested (Fig. 6) has a 6000-sq-ft, straight-tube 
boiler, equipped with an extended-tube superheater. 
The rear water wall, consisting of twenty-one 3'/,-in. 
bare tubes, spaced 6 in. on centers, provides 91 sq 
ft of cold surface. The side walls, with four 3!/,-in. 
bare slag-drip tubes, and five 3'/,-in. armored side- 
wall tubes on each side, have a total of 95 sq ft of 
cold surface; the top of the furnace has 150 sq ft of 
cold surface. All the surfaces have been computed 
as projected areas. The total cold surface in the 


49.5 


62.0 


Fie. 7 View or RaptatTion CALORIMETER IN Door 
No. 1, Accessory EQquipMENT 


furnace is 336 sq ft. The total wall area of the furnace is 835 sq 
ft, so the “fraction cold” of the furnace is 336/835, or 0.402. 

Radiation Observations. Radiation observations were made 
through ten special observation doors, during a series of 8-hr 
boiler tests. The locations of these doors are shown in Figs. 6 
and 13. 

During an observation, the radiation calorimeter was placed 
in the observation door as shown in Fig. 7. The water rate in 
the absorption chamber of the calorimeter was determined by 
noting the time required to fill a calibrated glass flask B (Fig. 7) 
to a mark on its narrow neck, while the electromotive forces 
of the inlet and outlet thermocouples were determined con- 
tinuously by means of the potentiometer shown. During 4 
single observation, lasting about six minutes, about 15 sets of 
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1 

No. 

55 36.6 «49.2 50.0 44.4... 41.4 

S2 33.8 45.8 48,8 23.3 .. 34.0 

S3 41.6 70.1 52.1 43.6 50.1 40.0 | 

56 57.8 79.0 65.9 62.4 .. 35.7 

58.9 78.8 .. és 51.6 

57 33.5 89.0 76.1 49.3 .. 51.5 

58 48.4 77. 64.9 

59 86.9 62. (75.6 

ee 60 52.0 75. 67.6 65.9 

69.7 79. 72:7 

S5 87.6 107. 62.6 

S6 57.7 79 47.3 63.4 

186 80.3 

83 83.0 

S7 67.0 105 81.9 

41.4 75M 90.7 59.1... 44 

70 78.6 81.8 79.7 .. 73 65.2 Ape 

66mm 80 44 68.9 

| 

so os | | 
Sil 6mm 42 38 34.6 | 42 
S17 209-39 229 37.8 25 32.3 | 
S18 25 51 23 42.3 35 35.8 
30m 43 339 43.1 37 | 
71 38 26M 30.3 24 27.9 

72 48 269 32.7 28 34.1 

78 42 269% 31.0 34 35.4 4 
63 28 45.2 37 
73 79 45 399 46.2 39 38.2 
80 61.1 24 44 2 
44.4 34 
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temperature determinations were made, of which, the average 
values were used in determining the temperature increase of the 
water. 

The actual radiation intensities as measured and corrected 
by Equation [2], are shown in Table 1. The average value of the 
radiation intensity for each boiler test, shown in Table 1, is the 
arithmetic average of all the observations made in all the doors. 
For this paper, no attempt has been made to determine a weighted 
average; the authors believe that the system of averaging here 
used is best for the purposes of this paper, because the radiation 
intensity was not constant at the various observation points 
throughout an entire test. 


MeEruHops oF Computinc HEAT ABSORPTION 


Computations of Radiation by the Hudson-Orrok Formula. 
There are shown in Table 2 the average heat-transfer rates 
by radiation, as computed by means of the Hudson-Orrok 
formula. These heat-transfer rates are plotted in Fig. 9. The 
quantity U in this table is the heat released in the furnace per 
Ib of fuel burned. U also enters into the calculation of radiation 
by the Wohlenberg method, and is computed in Table 3, in which 
it is shown as the calorific heating value of the fuel, in Btu per 
lb, minus the losses due to (a) incomplete combustion of carbon 
to carbon-dioxide, (b) combustible in the refuse, and (c) evapora- 
tion of moisture. 

Computations of Radiation by the Wohlenberg Method. In the 
computations of furnace heat balances by the Wohlenberg 
method,*!®"! as shown in Table 3, some shortcuts have been 
taken, the most important one being in evaluating the solid 
angles which enter into the computations of the radiation co- 
efficients. The “fraction cold” for the furnace used in these 
tests was found to be 0.402. This corresponds to the Type B 
cubical furnace mentioned by Wohlenberg and Lindseth, which 
has one wall and the top cold. It has been assumed that the 
furnace in question is approximately represented, in so far as our 
purposes are concerned, by the Type B furnace, even though 
its shape differs from that of a cube. Hence the values for the 
various solid angles have been taken for those quoted for the 
Type B cubical furnace. 

The radiation from the carbon dioxide and water vapor 
present in the burning gases is a function of the temperature, 
and of the product of the percentage concentration and the 
thickness of the radiating gus; this product may be expressed as 
c = ps/328, where p is the percentage by volume of the carbon 
dioxide or water vapor, and s is the thickness of the gas column 
in feet.!° For a given temperature, the radiation from these 
gases increases with the factor c, until ¢ = 0.15. Any further 
increase of c above 0.15 produces no increase in the radiation 
intensity from the gases at constant temperature. 

In all the boiler tests of this investigation, the factor c was 
greater than 0.15 for both the carbon dioxide and water vapor; 
hence, the radiation from these gases could be plotted as a func- 
tion of the temperature alone. 

The radiation term in the heat balance for this furnace, 
then, may be plotted as a function of the “mean flame tem- 


8 “Radiation in Boiler Furnaces,” by Geo. A. Orrok, Trans. 
A.S.M.E., vol. 47, 1925, pp. 1148-1155. 

* “Radiation in the Pulverized-Fuel Furnace,”’ by W. J. Wohlen- 
berg and D. G. Morrow, Trans. A.S.M.E., vol. 47, 1925, p. 127. 

10 The Influence of Radiation in Coal-Fired Furnaces on Boiler 
Surface Requirements and a Simplified Method for Its Calculation,” 
by W. J. Wohlenberg and E. L. Lindseth, Trans. A.S.M.E., vol. 
48, 1926, p. 848. 

11 Complete details of the computations and boiler test data are 
given in a thesis, ‘Radiation in Steam Boiler Furnaces,” by C. F. 
a which is on file in the library of the State University 
of Iowa. 
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TABLE 2 VARIOUS FACTORS USED IN COMPUTING RADIATION 
BY THE HUDSON-ORROK FORMULA 


Test No. A Cr B U Xa 
53 8.83 16.88 0.427 9209 67100 
54 9.32 13.05 0.447 9639 56300 
55 8.65 12.83 0.466 9383 56100 
S2 10.24 11.69 0.430 10185 51200 
S3 10.22 15.61 0.400 92 57500 
56 8.85 12.32 0.474 8375 49060 
57 8.42 14.45 0.456 8475 55900 
58 9.51 16. 0.409 8874 61000 
59 8.35 17.36 0.437 8790 66600 
60 9. 13.33 0.449 8514 51000 
S5 8.92 14.62 0.416 9 60100 
S6 10.45 10.59 0.443 10385 48700 
S7 9. 13. 0.433 9894 9600 
S8 9.70 14.38 0.424 9821 59900 
S9 9.77 12.35 0.430 9997 53000 

S10 9.49 14.75 0.426 9708 
Sil 10.82 10.13 0.440 10408 46300 
S12 10.48 12.40 0.422 10316 54 
S813 8.75 15.03 0.452 9296 63200 
S817 9.94 14.88 0.443 9674 63700 
S18 10.16 15.83 0.448 10203 72400 
69 9.11 13.55 0.446 9965 60100 
70 7.65 15.83 0.469 10572 78500 
71 9.55 11.98 0.394 8704 41100 
72 9.92 12.86 0.431 8772 48600 
78 8.65 14.42 0.452 8995 58600 
79 9.40 12.30 0.450 9539 52900 
80 8.99 15.90 0.447 9364 66500 
= a ee = fraction of energy released which is transferred to 
‘* AVC the cold surfaces in the furnace by radiation. 
27 
A = |b of air per lb of fuel. 
U = heat release per |b of coal. 
Xn = CrU | ————__ | = heat transfer rate by radiation, Btu per 
AVCr sq ft per hr. 
27 
Cr = fuel burned, lb per hr per sq ft of water-cooled surface exposed to 
radiation. 


perature” as shown in Fig. 8. From this graph, the total value 
of the radiation term may be determined for any assumed mean 
flame temperature. 

The solution of the heat-balance equation consists of finding 
the mean flame temperature, 7.4; for this temperature, the 
energy released in the furnace per hr (called GU in Table 3) 
is equal to the sum of the three quantities, (a) the radiation 
term, Q,, (b) the heat transferred by convection to the surfaces 
exposed to radiation (except for that radiant surface in the 
aperture through which the gases leave the furnace), and (c) 
the sensible heat of the products of combustion leaving the 
furnace at the mean flame temperature (represented in Table 3 
by 2GsAh»). It was usually possible to select the correct mean 
flame temperature after a choice of three or four values. 

The radiation-heat-absorption rates as computed by the 
Wohlenberg method are shown in Fig. 8. It is interesting to 
compare the results calculated from the same data using the two 
different methods. 


Discussion oF Test Resutts 


Effect of Dirty Surfaces. In Fig. 10, the measured average 
radiation intensities are plotted against the energy release rate 
in the furnace. The measured radiation intensity, according to 
Fig. 10, varies considerably with constant energy release rate. 
This effect was noticed early in the tests, when it was found 
that the variation was due to the difference in dirtiness of the 
water-cooled surfaces in the furnace. 

Attempts were made to estimate, in each of the tests, the 
fraction of the radiant surface which was covered with slag or 
ash. The covering on the tubes was found to consist mostly 
of patches of powdery ash, between '/s in. and 1!/s in. in thick- 
ness. At times, after the boiler had been operated at high ratings, 
the slag-drip tubes of the side walls were covered with slag. 
In Table 4 are listed the values of the furnace dirtiness D, which 
is the estimated fraction of the total water-cooled surface in the 
furnace that is covered with slag or ash. Fig. 11 shows a portion 
of the rear water wall, which the authors estimate to be about 
0.4 covered with ash, i.e., D = 0.4. 
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In Fig. 10 curves of equal dirtiness, D, have been drawn | 
for the furnace clean (D = 0), slightly dirty (D = 0.1), moder- | 
ately dirty (D = 0.2), and very dirty (D = 0.4). Since there 


was a similarity between the constant dirtiness curves and the > al 
Orrok curve of Fig. 9, and also an increase in intensity with D, a 3 
at a given energy-release rate, a tentative formula (based upon a s 
the Hudson-Orrok formula) for calculating the average radiation > & Y 
intensity has been derived. oe | 
The proposed formula is as follows: 
0.5 + 1.7D 3 a 
r a4} 4 
1+—— 2 
a 
in which J is the average radiation intensity at the furnace js 4 ae "do 
walls in Btu per sq ft per hr; U is the energy release per |b of 3 en “i o> ,%*~bo ° 
fuel burned as found by subtracting from the heating value of < ” 8 Aes ° 
| 
| uw 
a 4 HUDSON-ORROK FORMULA 
| 
7 6 © © 2 2 25 
THOUSANDS «OF BTU PER HOUR PER CUBIC FOOT 
ENERGY RELEASE RATE IN FURNACE 


Fie. 9 Rates COMPUTED. BY THE 


MILLIONS OF BTU PER HOUR 


Qa = HEAT TRANSFER BY RADIATION 


Hupson-OrroK FORMULA AND THE WOHLENBERG METHOD 
| | | | } 
+ 
200. «2300S 2400S 2500 
MEAN FLAME TEMPERATURE 1, — 
Fie. 8 Heat TRANSFERRED BY RapIATION AS COMPUTED BY THE 6d 
WoHLENBERG MetHop 
the fuel the losses due to unconsumed carbon, evaporation of o£ 
moisture, and combustible in the refuse; A is the lb of air = a oe 
entering the furnace per |b of fuel burned; C; is the fuel burned, $e ae —_ + oll 
TABLE 4 DIRTINESS FACTORS, D = + 
Test No. D Test No. D A 
53 0.1 70 0.4 = 61% 
82 0.1 S10 0.2 2 3 
36 0:4 S12 0.1 a) 
57 0.4 S13 0.1 3 
0:0 7” | FURNACE CONDITIONS 
60 0.4 71 0.1 D=O, CLEAN 
S5 0.4 72 0.1 fate SLIGHTLY DIRTY 
S6 0.4 78 0.1 D=0.2, MODERATELY DIRTY 
87 0.4 79 0.1 D=0.4, veuw DIRTY 
69 0.4 80 0.15 


17 18 9 20 2) 2 25 24 25 
THOUSANDS OF BTU PER HOUR PER CUBIC FOOT 


lb per hr per sq ft of projected cold surface exposed to radiation; ENERGY RELEASE RATE IN FURNACE 
and D is the fraction of the cold surface in the furnace which is 
covered with slag or ash. 

It is to be noted that Equation [3], here tentatively pro- 
posed, gives “radiation intensity,” as contrasted to “heat- average radiation intensity is probably much greater than the 
transfer rate” by radiation. The two quantities may be very average heat-transfer rate by radiation. 
nearly equal for a clean furnace, but for a dirty furnace the Heat-Transfer Rates by Radiation. Having found an equation 


Fie. 10 Rapration Intensities, J, DeterMInep DuRING THE 
Borer Tzsts 


the 
3 
| 
| 
| 
| 
| 
3 
| 
| 
| 
: 


112 


for radiation intensities, it is possible to predict an approxi- 
mate equation for the average heat-transfer rates by radiation. 
A perfectly black, cold surface placed in the furnace would absorb 
heat by radiation at a rate equal to the radiation intensity J/, 
given by Equation [3]. But the cold surfaces employed in the 
furnace probably absorb only about 95 per cent of the radiation 
which a perfectly black surface would at the same temperature.® 


Fig. 11 A Portion or THE REAR WATER WALL (D = 0.4) 


Hence, for a clean furnace, the average heat absorption by radia- 
tion would be 95 per cent of the radiation intensity. For a clean 
furnace (D = 0), the equation for the average heat-transfer rate 
by radiation would be 


X = 0.95 


1+ 
Those parts of the water-cooled surfaces which are covered 
with ash or slag would absorb only about one-half as much 
radiant energy as a clean surface.’ Taking this into account, 
the average heat-transfer rate by radiation for a partially dirty 
furnace would then be 


0.5 +1.7D 
AVC, 
27 

12 This conclusion is based upon a study of data given in the paper, 
“Heat Absorption in Water-Cooled Furnaces,” by W. L. DeBaufre, 
Trans. A.S.M.E., vol. 53, 1931, paper FSP-53-19a. Figs. 3 and 4 of 
this paper especially would_indicate that 0.5 is about the correct 
value. 


X = 0.95(1 — 0.5D)C,U 
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where X is the average heat-transfer rate by radiation to the 
water-cooled surfaces in the furnace in Btu per sq ft per hr, and 
the other symbols are the same as in Equation [3]. This may be 
closely represented, when the value of D is between 0 and 0.5, 
by the formula, 


X =C,U 0.48 + 1.1D 


which the authors propose (tentatively) to replace the Hudson- 
Orrok formula. For values of D greater than 0.5, Equation [5] 
should be used. 

The constants in the numerator of this new equation depend 
upon the relationship between heat absorption and radiation 
intensity, with varying degrees of furnace dirtiness. An experi- 
mental investigation is now under way to study this relation- 
ship. 

Hudson-Orrok Formula and Wohlenberg Method Compared to 
Results Based Upon Measured Radiation Intensities. In Fig. 12, 
the heat-transfer rates by radiation, as computed by the new 
formula, Equation [6], are shown in comparison to those 
corresponding to the Hudson-Orrok formula and the Wohlen- 
berg method. The single curves for the Hudson-Orrok formula 
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17 18 2 2. 22 2 25 
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Fic. 12 ComMPpaRISON OF HEAT TRANSFER BY RADIATION FROM THE 
Hupson-Orrok ForMULA AND THE WOHLENBERG 
Metuop With THE Heat TRANSFER BASED 
Upon MBASURED RaApIATION INTENSITIES 


and the Wohlenberg method are justified, because the com- 
puted data, for these boiler tests, all cluster closely about these 
two curves, as shown in Fig. 9. 

It is found, for the boiler tests represented here, that for 
a given energy release rate, the Hudson-Orrok formula results 
in higher heat-transfer rates than does the Wohlenberg method. 
The proposed formula, which represents actual heat-transfer 
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rates by radiation, gives values at constant energy release de- 
pending upon the dirtiness of the furnace. The Hudson-Orrok 
formula is in agreement with the proposed formula, Equation 
[6], for these tests, when the furnace is fairly dirty. The 
Wohlenberg method gives results which are apparently correct 
for a comparatively clean furnace. 

Distribution of Radiation. The typical distribution of radia- 
tion intensities about the furnace is shown in Fig. 13 for 
three different tests of approximately equal energy-release 
rates. 

During one of these tests, the furnace was clean, having been in 
operation only two days following a thorough cleaning; in the 
other tests the fractions of the radiant surface dirty were approxi- 
mately 0.2 and 0.4. 


SUMMARY 


Conclusions. The development of a fused-quartz-window 
absorption calorimeter for determining radiation intensities 
in boiler furnaces is described. This instrument has been used 
during 28 boiler tests and the results compared with the Hudson- 
Orrok formula and the Wohlenberg method of computation of 
radiation heat transfer. 

The results show that, for these tests, the Hudson-Orrok 
formula gives results which are correct for a furnace with a 
considerable part of the water-cooled surfaces covered with ash 
or slag. The Wohlenberg method of computation shows correct 
results, for these tests, when the water-cooled surfaces are 
comparatively clean. 

A tentative empirical equation, Equation [3], is given for 
computing radiation intensities, taking into account the dirtiness 
of the cold surfaces; tentative formulas, Equations [5] and [6], 
are given for computing the average heat transfer by radiation 
in boiler furnaces. 

There is a variation in radiation intensity from point to point 
at the walls of the furnace, as indicated by Fig. 13. 
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Fic. 13  DistrrrpuTion or RaptaTION INTENSITIES ABOUT THE 
BoILer FURNACE 
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The Leakage of Steam Through Labyrinth 
Seals 


By ADOLF EGLI,! PHILADELPHIA, PA. 


This paper gives a rational theoretical treatment of the 
labyrinth problem, based on the actual flow characteristics 
typical for a sharp-edged orifice. The general relations be- 
tween leakage, number of throttlings, and pressure dis- 
tribution are given in graphical form on a chart intended 
for use in practical turbine design. 

It is also shown how the effect of kinetic energy being 
carried from one throttling into the next can be considered 
rationally. The numerical constants left open by the 
theory are derived experimentally with the aid of a static 
labyrinth leakage-testing device. 


INTRODUCTION 


ITH ever-increasing operating pressures, leakage loss of 

steam through unavoidable seals (shaft packings, dummy 

pistons, etc.) becomes more and more detrimental to the 
efficiency of modern steam turbines. Also, it has become common 
practice to improve the efficiency of turbine stages by introducing 
leakage seals which reduce the amount of steam uselessly by-pass- 
ing each row of blades. Inasmuch as the labyrinth-type seal is 
still the most common, an accurate method for predicting the 
leakage through it is desirable. It is also important to know 
accurately the pressure distribution in the labyrinth when 
calculating the thrust of certain types of dummy pistons. In 
this paper a refined, yet sufficiently simple method, is developed 
for predicting the performance of labyrinths. 


DEVELOPMENT OF A RATIONAL THEORY FOR THE 
EXPANSION OF COMPRESSIBLE FLUIDS THROUGH 
LABYRINTHS 


1 Expansion THrouGu A SINGLE SHARP-EDGED 
THROTTLING 


A schematic illustration of two-dimensional flow through a 
single sharp-edged throttling is given in Fig. 1. The steam 
(or gas) expands from the pressure pp to p; when passing through 
the slot, forming at the same time some kind of a jet with a 
minimum area A,. We are not particularly interested in know- 
ing this minimum area. In some other section, Ai, which may be 
located somewhere near (before or after) the minimum section, 


1 Research Engineer, Westinghouse Electric & Manufacturing Co. 
Mr. Egli received his technical education at the Federal Technical 
University in Zurich, Switzerland, where he was graduated as 
Diplom Mechanical Engineer under Professor Stodola in 1929. 
After graduation he was engaged as assistant to Professor Stodola 
and Professor Eichelberg and as instructor of thermodynamics and 
heat-engine design. From 1930 to 1931 he was employed as experi- 
menting engineer with the Terry Steam Turbine Company, Hartford, 
Conn. Since 1931, Mr. Egli has been connected with the Westing- 
house Company at South Philadelphia as research engineer on turbine 
efficiency and design. 

Contributed by the Power Division for presentation at the semi- 
annual meeting, Cincinnati, Ohio, June 19 to 21, 1935, of The Ammri- 
CAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.8.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1935, for publication at a later date. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


the pressure in the steam jet will be equal to the chamber pressure, 
fi. If A; is known and adiabatic change of state of the steam, 
for instance, is assumed, it is possible to calculate the weight 
of the theoretical flow passing through the throttling by applying 
Saint Venant’s equation. This equation, neglecting the ap- 
proach velocity wo of the steam, is given as 


where Gu = theoretical flow, lb per sec; g = acceleration of 

gravity, 32.17 ft per sec per sec; k = exponent of adiabatic 

expansion (1.3 for superheated steam); § = the pressure ratio 

?:/Po; Po = abs pressure before throttling, lb per sq ft; p, = 

abs pressure after throttling, lb per sq ft; v = specific volume 

before throttling, cu ft per lb; and A; = jet area, sq ft. 
Introducing the flow coefficient 


a= Aj/A.. 


T 


Fic. Expansion Sincie TsRorriine 


and abbreviating the dimensionless expression 


va = | — pit {3} 


we finally write for the theoretical flow 


a= 


where A is the area of the throttling opening (Fig. 1). For 
superheated steam (k = 1.3), ¥,, was calculated and is plotted 
in Fig. 2 as a function of the pressure ratio 8. It has the well- 
known nozzle characteristics, reaching a maximum value of 0.667 
at the critical pressure ratio 8, = p,/po = 0.546. 

The flow coefficient, a, of a sharp-edged opening, when plotted 
against Reynolds’ number, gives a curve such as shown in Fig. 3. 
For Reynolds’ numbers higher than the critical value R,, the 
coefficient « is constant, i.e., independent of the velocity of the 
steam. For sharp-edged round orifices, the critical value of 
R = wd/» is about 10%, where w = velocity of the jet discharging 
from the orifice, ft per sec; d = diameter of the orifice opening, 
(clearance of throttling); and » = kinematic viscosity of the 
fluid in ft? per sec. Although results of tests on the flow coefficien 
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of a narrow slot as a function of Reynolds’ number are not avail- 
able, we may assume that R, is in the order of 10°. In a steam 
labyrinth, R is as high as 10‘ and above. We can assume that for 
velocities far enough below the acoustic velocity (about 500 ft 
per sec or less for superheated steam) a is independent of the 
velocity. In this range (that is, for throttling pressure ratios 8 
= 0.8 to 1.0) we should expect Equation [4] to give the correct 
flow. 


1.0 


-Tested 
(starp-Edged Orifice) 


a 
Calculated 


(Actual for aNozzle 
with Well-Rounded A 


02 0A 06 0.8 10 
Pr: Rati = 
essvure io ’/p; 


Fic. 2 Expansion Function or aA SHARP-EpGED ORIFICE 
OpeRATING WiTH SUPERHEATED STEAM 


The last throttlings in a labyrinth very often work with 
velocities comparable with, or as high as, the acoustic velocity 
(8 less than 0.8). Under these conditions, adiabatic change of 
state and the constance of a can no longer be assumed. The 
actual flow G through the throttling will differ from the theo- 
retical value G,,, calculated from Equation [4]. 

There is complete information available on the flow through 
sharp-edged round orifices which can be applied to this problem. 
Assuming, for simplicity, a constant-flow coefficient, Schiller? 
calculated from flow tests made with VDI orifices, the function 
y as defined by the equation 


where G = the actual measured flow (see Table 1). The values 
in Table 1 are used in plotting the curve y versus 6 shown in Fig. 2. 
A comparison of the (theoretical) ¥,, curve with the (tested) 
TABLE 1 EXPANSION FUNCTION OF A SHARP-EDGED 
ORIFICE AND OF A WELL-ROUNDED OPENING 


Theoretical Well-rounded 
orifice y Vth opening py 
0.000 


?“(berkritische Entspannung kompressibler Flissigkeiten,” 
by W. Schiller, Forschung auf dem Gebiete des Ingenieurwesens, 1933, 
ip. 128, 
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y curve reveals the fact that for pressure ratios of 8 = 0.8 and 
above, the theoretical flow checks rather closely with the actual. 
As the pressure ratio decreases below 0.8, y rises increasingly 
above y,,. It is remarkable that no critical pressure ratio exists 
for the actual flow through a sharp-edged opening. 


2 Expansion Turovucu A SERIES OF THROTTLINGS 


General Thermodynamic Relations. A group of throttlings as 
used in steam-turbine labyrinths is shown diagrammatically in 
Fig. 4.8 The arrangement shall be isolated perfectly so that no 
heat can be exchanged with the surroundings. As the steam flows 
through the labyrinth, a pressure drop occurs across each 
throttling. After each throttling, a small part of the kinetic 
energy of the steam jet will be reconverted into pressure energy, 
a second part will be destroyed and transferred into heat, and the 
remaining kinetic energy will enter the following throttling. 
The velocity w, of the steam jet issuing from the »” throttling 
is obtained from the energy equation 


(w,/223.7)? = tp — 


where w, = velocity of steam jet issuing from the » throttling, 
ft per sec; t) = total heat of steam before entering the labyrinth, 
Btu per lb; and i, = total heat of steam issuing from 
throttling, Btu per lb. 


t 


Re Reynolds’ Number R—> 
105 


FLow CogFFICIENT @ OF A SHARP-EDGED ORIFICE AS A 
Function oF ReyNoups’ NUMBER 


Fic. 4 Expansion THROUGH A SERIES OF LABYRINTH THROTTLINGS 


Inasmuch as Equation [6] is general, nothing has to be said 
about the nature of the flow preceding the »” labyrinth. The 
condition of continuity for the »” throttling, however, may be 
written as 


where G = the flow, lb per sec; A, = the leakage area of the 
»” throttling, sq ft; v, = the specific volume of steam leaving 
the »“ throttling, cu ft per lb; and a = the flow coefficient. 

For the great majority of the throttlings of the labyrinth, the 
pressure ratio 8 is higher than 0.8 and a is practically constant. 
Then, in a labyrinth with a constant leakage area A, the ex- 
pression 

Welt» = G/aA 


is a constant. Combining Equation [7a] with Equation [6] 


2 A series of instructive illustrations of flow through labyrinths 
produced with water is published in Escher Wyss News, January- 
February, 1934. 
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Constant = G/aA = (223.7/v,)+/(io — i,)........ [8] 


which represents a definite relation between v, and i,. For a 
given initial total heat %, Equation [8] determines a series of 
Fanno curves‘ G/aA = a constant on the total-heat-entropy 
diagram as shown in Fig. 5. In a labyrinth of constant-leakage 
area A, all points of the condition in the steam jet issuing 


Vou 


i= 


Tota! heat 


Fie. 5 Heat-Entropy DiaGram WitH Fanno CuRvVES 
(The heavy sig-zag line is the condition curve for an ideal labyrinth.) 
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from each throttling lie on a Fanno curve,' as long as @ is con- 
stant. In an ideal labyrinth with completely destroyed kinetic 
energy after adiabatic expansion in each throttling, the condi- 
tion of the steam will follow the zig-zag line of Fig. 5. In the 
last throttling the pressure ratio 8 often is considerably smaller 
than 0.8, and the conditions appear as observed previously. 


‘Steam and Gas Turbines,”’ by A. Stodola, McGraw-Hill, 1927, 
sixth edition, p. 61. The curves are named in honor of Fanno, who 
first used this relationship. 

5 A total-heat-entropy diagram with drawn-in Fanno curves, such 
as shown in Fig. 6, is helpful when studying the expansion through 
all kinds of channels. It shows at once that the flow in a passage 
with constant cross-section never exceeds the critical velocity we = 
223.7+/(h-), because a flow with decreasing entropy is impossible. 
The condition of the steam when expanding through a sharp-edged 
opening may be reproduced by curves like B, C, D, or EZ, Fig. 6, for 
decreasing pressure ratios, 8. The velocity in the minimum section 
of the jet (points M, Fig. 6) cannot exceed the critical. This, however, 

not mean that when the acoustic velocity in the narrowest sec- 
tion is reached, the flow has to be independent of the back pressure. 
Because of the change of contraction of the jet, the flow can still 
increase when the back pressure is lowered. 
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The curve for the conditions in the last throttling will be similar 
to the one in Fig. 5. 

Derivation of a Practical Method of Calculating the Performance 
of Ideal Labyrinths With Constant-Leakage Area. In view of the 
complicated relation between pressure ratio and flow in each 
throttling, a graphical method is the most practical for com- 
puting the conditions in the whole labyrinth. 

The equation for leakage through an ideal labyrinth (a 
labyrinth in which the kinetic energy of the steam jet is com- 
pletely destroyed and reconverted into heat after each throttling) 
is similar to the equation for the single throttling 


where G = the leakage, lb per sec; A = leakage area of the 
single throttling, sq ft; a@ = flow coefficient, assumed to be 
constant for all throttlings; po = abs pressure before the labyrinth, 
lb per sq ft; v = specific volume before the labyrinth, cu ft per 
lb; p, = pressure after the labyrinth, lb per sq ft; ¢ is a function 
of the labyrinth pressure ratio p,/po and the number n of 
throttlings. 

For the labyrinth with one throttling, (n = 1) ¢ is identical 
with y in Fig. 2. The calculation of ¢ is a matter of mathematical 
analysis, the result of which is represented graphically in Figs. 

and 7a. 

The ¢ curves were obtained as follows: 

In a labyrinth with two throttlings, the relation for the first 
is 


Since = 


The pressure and volume of the steam on a constant total-heat 
line are, with sufficiently close approximation, related in the 
form 


{13] 
Thus, we can write Equation [12] as 
[14} 
Po 


Inasmuch as versus 8 = p2/p:, and versus (in this 
case identical with y versus 8) are given graphically in Fig. 2, 
Equation [14] must also be solved graphically. The result is 
the curve gp =2 of Fig. 7a. 

For the labyrinth with three throttlings, the following equa- 
tion is obtained similar to Equation [14]: 


P2/ Po 


from which gn=3 of}Fig. 7a is calculated. In this manner we 
can proceed up to any number of throttlings. For a large num- 
ber of throttlings, however, this method would be too cumbersome 
and inaccurate since errors are cumulative. For a labyrinth with 
n + 1 throttlings, Equation [14] can be generalized as 


| 
rH A 
WY 
y 3 
| 
2 
a 
/ 
d for G ae 
the s 
ond a 
ling 9 
eee 
g= 
ae: 
ee 
| 
as 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


\ 


02 OA 06 08 10 
Labyrinth Pressure Ratio — 
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Fis. 7a LeakaGe Function ¢ For LABYRINTHS WITH ONE TO 
Four THROTTLINGS 


which, when ¢, for p,/Po is known, can again be solved graphi- 
cally for gn+1 


= 
If the number of n + 1 throttlings is sufficiently large, the 


throttling pressure ratio 8 in the first n throttlings is greater 
than 0.8 and it is only in the last (n + 1) throttling that 8 


is smaller than 0.8. For the first n throttlings, therefore, an 
explicit formula, based on the theoretical Equation [4], can 
be developed. The formula, as derived in the appendix, takes 


the form 
1 — (Pq/Po)* | 
n + log, (Po/Pp) 
and is identical with the expansion term in Martin’s* labyrinth 
formula. 

The solution with Equations [16], [17], and [18] was used 
in calculating the ¢ curves for n = 8 to 36 of Fig. 7. 

It is now possible to predict the leakage through any ideal 
labyrinth by applying Equation [9] and utilizing Figs. 7 and 7a, 
once the flow coefficient a has been determined by actual leakage 
measurement. 

The pressure distribution in the labyrinth is obtained from 
Fig. 7 by simply intersecting the curves n = constant with the 
horizontal line ¢ = constant corresponding to the operating 
conditions. 


APPLICATION OF THE THEORY ON THE TYPES OF 
LABYRINTHS USED IN PRACTICE 


From the point of view of flow, there are two types of labyrinths 
used in practical turbine design; (a) a so-called “straight- 


4 


Fic. 8 LABYRINTHS 


Fie. 9 LABYRINTHS 


through” type as shown in Fig. 8, and (b) the staggered type 
schematically shown in Fig. 9. 

The staggered-type labyrinth obviously gives a better seal 
than the straight-through type, but it is more costly and involves 
a more difficult machine assembly. By making the steps / 
(Fig. 9) sufficiently high, it is possible to have practically al! 

“Steam Leakage in Dummies of the Ljungstrom Type,” by H. 
M. Martin, Engineering, Jan. 3, 1919, pp. 1, 2, and 3. 
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of the kinetic energy of the steam jet destroyed before the steam 
enters the following throttling. The theory of the ideal labyrinth 
can, therefore, be applied directly to this case. Leakage and 
pressure distribution are obtained with Equation [9] and Figs. 7 
and 7a as already described. 

The straight-through-type labyrinth is frequently used in 
turbine design since it is easy and cheap to manufacture and has 
many advantages from an assembly standpoint. It is not as 
tight, however, as the staggered-type labyrinth because it per- 
mits a considerable percentage of kinetic energy to be carried 
from one throttling into the next. This results in conditions 


represented by the heavy zig-zag line in Fig. 10. The zig-zag’ 


dashed line in Fig. 10 represents the conditions in an ideal laby- 
rinth (with the same leakage area A and the same flow coefficient 
a) through which the same amount of steam is leaking. The 
Fanno curve is the same for both labyrinths. These two curves, 
representing the two conditions, demonstrate clearly that the 
straight-through-type labyrinth needs more strips for the same 
leakage than is required in the ideal labyrinth. Apparently,’ we 
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Fie. 10 Conpition Curve oF A LABYRINTH 
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Fie. 11 BRoapDENING OF A IssuING From A THROTTLING 
ean caleulate the leakage through such a straight-through 
labyrinth by again utilizing Figs. 7 and 7a and applying Equa- 
tion [9], but, instead of taking nas the number of strips, a smaller 
number of strips n’ has to be used which will be equivalent to the 
number used in the ideal labyrinth. Neglecting the term 
log,(Po/P,), it is seen that the flow through a labyrinth is ap- 
proximately proportional to +/(1/n). Therefore, for the leak- 
age through a straight-through labyrinth 


where y = +/(n/n’), and n’ = the number of strips in the 
equivalent ideal labyrinth. It is assumed that a is constant 
and of the same magnitude as determined from tests with 
staggered labyrinths. (Strictly, a depends on the percentage of 
kinetic energy carried through each throttling, i.e., on + itself. 
For practical reasons of simplicity it is assumed, nevertheless, 
that @ is constant and we take account of the change in leakage 
by varying only y.) Values of y are obtained by comparing 
Equation [9a] with the leakage determined from tests. As the 
jet issuing from the throttling broadens out proportionally with 
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the distance z (Fig. 11), the percentage of kinetic energy available 
for expansion through the following throttling must be expected 
to be primarily a function of the ratio 6/s, where 8 is the strip 
clearance and s is the pitch of the strips (see Fig. 8). 


TEST RESULTS 


Experiments have been conducted with various types of 
labyrinths in a static-testing device built especially for this 
purpose. A schematic drawing of the test arrangement and test 
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Fic. 13. Test Usep IN THe Static Tgstine or LABYRINTHS 
block is shown in Figs. 12 and 13. When testing, both the inlet 
and the back pressure were varied over a wide range, and the 
temperature was adjusted so that the whole labyrinth always 
operated with superheated steam. 

Staggered-T ype Labyrinth. In Fig. 14, test curves ag are shown 
as a function of p,/po for a well-staggered labyrinth. Fig. 15 
demonstrates the agreement between theoretical and actual 
pressure distribution. By dividing the values of ag obtained 
from the test curves in Fig. 14 with ¢ from Fig. 7, the flow co- 
efficient a is determined, which in turn is plotted in Fig. 18 as 
a function of the ratio 5/A = clearance/strip thickness (Fried- 
rich’s tests, compared on the basis of the same theory, give for 
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Fic. 19 Carry-Over CorrecTION Factor y FOR 
Straicut-THRouGH LABYRINTHS 
(Refer to footnote 7 for Friedrich's tests.) 


TABLE 2- LABYRINTHS WITH CONSTANT LEAKAGES 


These Labyrinths (with 0.010-in. Thick Sharp-edged 
Strips) have the Same Leakage 
Clearance Inches 
0.0/0 0.020 0.030 
Type of Number |Total |Number] Total |Number| Total 
Labyrinth of | Length Length] of | Length 
Strips |Inches [Strips | Inches [Strips | Inches 
n n n 
TTT] 4 10 18 
S 10 2.5 4.5 
| § 18 34 
1.25 4.5 85 
/ 
8 54 183 
SSS 2.0 13.5 457 
Zin. 
Lh Lh 
§ 35 97 
assy 1.9 13.1 36.4 
in. 
lh, 
§ 25 64 
2.5 12.5 32.0 
Bin. 


Straight-Through Type Labyrinths. During tests of this type 
labyrinth, the pitch s and the clearance 6 were both varied. 
The pressure distribution obtained with Fig. 7 checks the test 
results very closely as can be seen from a study of Figs. 16 and 17. 
The carry-over correction factor y was calculated upon the 
assumption that a is the same as found in the tests of the stag- 
gered-type labyrinths. It is found that y is a function of the 
ratio 8/s = clearance/pitch, only, and is given in Fig. 19. When 
evaluating these tests it was considered that a factor y = 1 always 
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applies to the first throttling of a group, and it was necessary to 
solve graphically the equation 
1 1 

Yo Pi/Po 
Friedrich’s findings? with straight-through-type labyrinths of 
two and three throttlings are somewhat contradictory to our 
test results. The discrepancy can be explained probably when we 
consider that Friedrich tested clearances of as little as 0.006 to 
0.010 in. It seems possible that for such narrow clearances, the 
boundary layer which develops along the smooth surface across 
the strip prevents kinetic energy from being carried over from 
one throttling to the other. Our tests were made with clearances 
of 0.015 to 0.040 in., which is about what occurs in axial-flow 
turbines built in this country. 


= ¥1pi/po 


CONCLUSION 


The leakage through labyrinth seals with constant-leakage 
area is calculated by applying Equation [9a], in which a depends 
on the type of sealing strip used. For sharp-edged strips, a is 
given in Fig. 18. 


TABLE 3-COMPARISON OF SINGLE-STRIP AND DOUBLE-STRIP SEALS 
(Thickness of Sharp-Edged Strip A= 0.0/0 In.) 


Clearances of One Column Give the Same Leakage 
Type of Seal Clearance - Inches 
0.010 | 0.05 | 0.020 | 0.030 | 0.040 | 0.050 
Lhd 
in. |o.012 | 0.017 \0.022 |0.03/ |0.04 | 0.050 
ANAS * 
Lz 
fel in. 0.013 |0.018 | 0023 | 0.033 |a043 |a053 
LALLLLAL 
ee] in. |0.0/4 0.020 |0.025 |Q035 | 0045 | 0.055 


The value of y is equal to unity in well-staggered labyrinths. 
In straight-through labyrinths, y depends on the ratio 5/s 
(clearance/pitch) and the number of throttlings in the labyrinth 
group (Fig. 19). 

The expansion function ¢ is given graphically in Figs. 7 and 7a. 

The pressure distribution in any labyrinth with constant leak- 
age area is obtained from Figs. 7 and 7a by intersecting with a 
line ¢ = constant. 

In Tables 2 and 3, examples are calculated to demonstrate the 
effectiveness of various types of labyrinths. Particular attention 
should be given to the double-strip seals in Table 3 which are 
often used in sealing shrouded reaction stages. For clearances 
greater than 0.020 in. the single-strip seal is practically as tight 
as the double strip. The second strip is only effective if a step 
is provided to prevent the steam jet from shooting directly into 
the second throttling. 


Appendix 


The derivation of an explicit formula for the leakage through an 
ideal labyrinth when the throttling-pressure ratio is grea 
than 0.8 is as follows: . 
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The velocity of the steam jet after having expanded 
adiabatically from p, to p: (Fig. 20) is obtained by integrating 
the energy equation 


with 


as the condition for the adiabatic change of state we get 


and develop the series 
Pr 


which when introduced in Equation [21] gives 


Since this formula is used only as long as p./p; is larger than 
0.8 or Ap/p, is less than 0.2, the term with (Ap/p,)? can be neg- 
lected so that 


k—1/ 
2k? \ Pi 


w? 
29 


The equation of continuity for the jet is 


[22] 


where v’, is the specific volume at the end of the adiabatic ex- 
pansion and is obtained: from 


1/k 
or in a series of (Ap/p:), 


_1(4ap) 4p) 
(2) + 2k? 


We can neglect again the term with (Ap/p,)* so that 


All initial-state points to the various throttlings lie on a curve 
of constant total heat, along which the relation 


Pili = 
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holds sufficiently well for gases and steam. Thus we have 
1 


v Pwo 
and combined with Equation [25] 


We now write this equation in the form 


which can be integrated if the number of throttlings is large 
enough so that Ap/ Az can be replaced by dp/dz. 


Lz, 


/ 


20 Conpirion Curve FoR AN IppaL LABYRINTH THROTTLING 


We write 


and, noting that (7, — 2)/ Az = n = the number of throttlings, 
we obtain as the leakage formula 


= (02)... 


1— (p,,/Po)* 
2 
n+ i loge (Po/Pn) 


where p, = pressure after n“ throttling, and k = 1.3 for super- 
heated steam. 

It has been found by comparing ¢ from Equation [28] with 
the thermodynamically strict graphical solution, using the Fanno 
curve, that for small numbers of strips, a more correct numerical 
result is obtained if for steam k = 2. For large numbers of 
throttlings n, the logarithmic term is of little importance. We, 
therefore, write for any number of throttlings, the final formula 
for the leakage as 


n + loge(Po/P,) 


This formula can with sufficient accuracy also be used for air 
and other gases. 
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The Division of Load Among Generating 
Units for Minimum Cost 


By JAMES E. MULLIGAN,' CAMBRIDGE, MASS. 


The criteria for minimum-input division of load among 
several generating units which are to be operated together 
depend upon the forms of the input-output curves of the 
units. When the curves are continuous and uninflected 
the greatest input-curve slope at which any unit operates 
should be kept a minimum. When the curves are discon- 
tinuous or inflected a comparison of two curves of total 
input against total output will determine the load at which 
a change should be made from one loading definitely pre- 
scribed by the slopes of the input curves, to another defi- 
nite distribution. When a varying load is to be supplied 
with part of the units operating at constant load, mini- 
mum.-input loading may be determined by means of curves 
of average input against average output. 


URING the whole history of power generation an enormous 
D amount of effort has been applied to the problem of 

increasing the efficiencies of individual generating units. 
The fruitfulness of this endeavor is well known. The margin of 
possible improvement in present types of apparatus has, how- 
ever, become so small that it is at least exceedingly unlikely that 
the striking improvements of recent years can be duplicated. 

In view of the limitations on further increase of unit efficiencies 
and of a current hesitancy to increase capital expenditures in 
order to decrease future operating costs, it is not surprising that 
attention has recently been turned to the increasing of system 
efficiency by a better distribution of the load among existing 
units. The improvement obtainable may be large, a case having 
been reported where an effort to operate a hydro plant with 
optimum load distribution resulted in an increase in output of 
approximately eight per cent.? 

Although the development of methods for the optimum dis- 
tribution of load has been altogether from the viewpoint of the 
operation of power-generating apparatus, the principles involved 
have no such limited application. It should be recognized that 
the same principles may be used to obtain a given output with 
minimum input to several productive agencies of any kind, 
whether the agencies are turbo-generators, generating stations, 
machines, or factories. 


1 Instructor in Electrical Engineering, Massachusetts Institute of 
Technology. Jun. A.S.M.E. Mr. Mulligan was graduated from 
the University of Maine with the degree of B.S. in 1925. Since that 
time he has been assistant and instructor in the department of 
electrical engineering at the Massachusetts Institute of Technology. 
He received the degree of S.M. from the Massachusetts Institute of 
Technology in 1933. This paper is taken from a part of a thesis sub- 
mitted for that degree and prepared under the direction of Dr. V. 
Bush. He is also the author of a paper on power-system switching. 

2 ‘Automatic Operator for Economy Control,” by S. Logan Kerr, 
A.I1.E.E. Trans., vol. 50, March, 1931, p. 133. 

Contributed by the Power Division for presentation at the Semi- 
Annual Meeting, Cincinnati, Ohio, June 19 to 21, 1935, of Tux 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1935, for publication in a later issue of Transac- 
tions. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


The first publication of the basic principles affecting optimum 
distribution of a constant load between two generating units, 
except for the simplest case where the input curves are all straight 
lines, was by F. H. Rogers in 1924.3 The treatment was ex- 
tended by Rogers and Moody during the following year.‘ Since 
that time there have been published many papers dealing prin- 
cipally with the practical application of the methods of Rogers 
and Moody. 

It is the purpose here to expand the theory underlying load 
division by a demonstration of the criteria for distribution where 
more than two units are involved, where the curves of input 
plotted against output are discontinuous or inflected, and where 
part of the units operate at constant load as the total load 
changes. 

Any method for distributing load for maximum economy will 
require a knowledge of the relationship between input and out- 
put for the units concerned, with each of the inputs and each of 
the outputs expressed in common units. Thus hydroelectric 
generating units in the same station, taking water from the same 
forebay and delivering energy to the same bus, can be repre- 
sented by their turbine discharge curves. The input of a distant 
generating station might be plotted against the output at the 
receiving end of its transmission line. In some cases dollars 
of cost will be the only common measure of input. Much 
study has been given to the problem of determining such input 
curves. *5 

When the amount of generating capacity which shall be oper- 
ated to supply an expected load has been decided upon there still 
remain two questions: (1) Which of a number of available 
generating units shall be operated to supply the required ca- 
pacity? (2) How shall the system load be divided among the 
units which are to be operated? 

In general the first question will be answered by giving prefer- 
ence to the generating units of higher efficiency. With increasing 
load the units will be started in order of decreasing efficiency. 
In some simpler cases a comparison of individual input-output 
curves will indicate the order in which the units should be 
started. When the comparison of individual curves becomes in- 
adequate, curves of total input versus total output for various 
combinations of units, with most efficient distribution of load 
among the units in each case, may be plotted together to give an 
envelope curve of minimum input. The envelope curve will 
determine the particular units which will give least input at each 
load. Such curves have been published. We are here directing 
attention to the second question of the preceding paragraph; that 
is, to the division of load among a number of units all of which 
are to be operated together. The no-load inputs to all of them 
must then be supplied and load division among them de- 
pends only on the relative increments of input above the no-load 
values. 


*“*Acceptance Tests of Hydroelectric Plants,” by F. H. Rogers, 
A.I.E.E. Trans., vol. 43, 1924, p. 568. 

‘Interrelation of Design and Operation of Hydraulic Turbines,” 
F. H. Rogers and L. F. Moody. Engineers and Engineering, vol. 42, 
1925, p. 174. 

5 ‘Incremental Loading of Generating Stations,” by M. J. Steinberg 
and T. H. Smith, Electrical Engineering, vol. 53, 1933, no. 3, p. 432 
and no. 4, p. 571. 
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Input Curves ContTINUOUS AND UNINFLECTED 


The great majority of input-output curves are either made up 
of straight lines or have an upward concavity which increases with 
theload. In Fig. 1, J, Je, etc. are curves of this kind, representing 
input plotted against output for any number of generating units 
which are to be operated together. The curves are continuous, 
although the slopes of some of them are discontinuous. I’;, I's, 
etc. are the first derivatives of the input curves, that is, they 
simply indicate the slope at all values of output of J, J:, ete., 
respectively. 
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It will be proved that for units with this type of input-output 
curve the load should always be so apportioned that the greatest 
value of input-curve slope at which any unit operates is kept a 
minimum. This criterion will be examined for three cases; for 
low values of slope which apply to only one unit, for intermediate 
values where there may be any number of units, and for the 
highest values applying only to the unit with greatest slope. 

Any loads in the range from no load to O, should be applied to 
Unit No. 2 because the slope of J; is less than that of any other in 
this range. Suppose a load of O2, which is all being supplied by 
No. 2, is redistributed by applying any fraction of it to any of the 
other units. For instance, suppose the load on No. 2 is reduced 
by the amount AO from O, to O; and the load on No. 1 is increased 
by the same amount from O, to Oy. The decrease in input to No. 
S. AO = AJ;, is shown by the area O,i’si’,02, with a width 


equal to the change in output and a height equal to the slope of 


The increase in input to No. 1, - AO, is 


shown by the area Ogt’si’s0,, of the same width but of greater 
height than Since 


the input curve. 


dl, dl; dl, dl; 

—<— — AO, and Al 

70 a0 < a0 O, an 2< A 
That is, the decrease in input to No. 2 is less than the increase in 
input to No. 1, and the redistribution of load has resulted in a net 
increase in input at constant output. For best efficiency all the 


load should be supplied by the unit whose slope is least at the 
given load. 

Total loads greater than O; cannot be applied to a single unit so 
that it will be loaded to a point where its slope is less than that of 
any other, but the load should still be so distributed that the 
greatest slope at which any unit operates is as small as possible. 
This will lead to operation with load so divided that all units 
operate at equal values of slope. Any load in the range of equal 
slopes, 


O = Os + Og + O7 + Os + Op + Ovo 


should be so distributed that the operating points on all the input 
curves have the same slope, J’, as is now to be proved. Suppose 
any other distribution of load whatever be used. Then in order 
that the total output still be O, some of the outputs will be less 
with smaller values of slope and some greater with larger values of 
slope than with the equal-derivatives distribution. Let the load 
of N of the units be less by a total of A,O and that of M of the units 
be greater, with the loads of any number of the units remaining 
unchanged. With O constant the load on the M units must be 
greater by a total of A,O. 

The decrease in input to the N units is shown in Fig. 1 by the 
diagonally cross-hatched areas of average height /’n and the in- 
crease to the M units by the horizontally cross-hatched areas of 
average height J’. Since the derivatives either remain con- 
stant or increase with increased load, J’ < I'm andI'n <I’ and 
therefore J'y < I’m. The sum of the widths of the N areas 
representing load decrease is equal to the sum of the widths of the 
M areas representing load increase, each sum being A,O. The 
total decrease in input is then 7’y A,O and the total increase 
I'w A,O. Since I'y < I'm, I'nA\O < Im A,O and the net in- 
put has again been increased by any change from operation at 
minimum slope. 

When increase in load at equal slopes results in any unit reach- 
ing its maximum output, equal-slopes operation of all units will 
have to be abandoned and minimum input for higher loads will 
result from leaving the output of that unit constant at its maxi- 
mum value and continuing to load the others at equal slopes. 
The load on the fully loaded unit will either have to be left con- 
stant or be reduced. If it is reduced, some of its load will have to 
be transferred to other units with greater input-curve slope, 
and the change will result in a net increase in input. This will 
hold until the unit of highest input-curve slope reaches full 
load. 

To summarize: For input-output (input as ordinates against 
output as abscissas) curves which are continuous and which 
have no decrease of slope with increasing load, a given output will 
be supplied with minimum input if it is so divided among the 
units chosen to operate that the greatest slope at which any one 
of them operates is kept a minimum. At points of discontinuity 
in the slopes of their input curves, units should operate at constant 
load until load change on other units gives equality of slopes be- 
yond the discontinuity. 


Discontinuous Input CurvEs 


Although the great majority of input-output curves are of the 
kind just discussed, some of them, notably those of some turbines 
whose valves open successively as load increases, are discon- 
tinuous or show a decreasing slope at the valve points. The 
criterion of equal slopes alone is inadequate with curves of these 
kinds. 

In Fig. 2, are shown the input-output curves of two identical 
turbines which have an abrupt increase in input at load at O, where 
a by-pass valve is opened. The criterion of equal slopes, which 
means equal loads on the identical units used in this example, 
still holds with both units operating above, or both below, the 
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discontinuity. The derivative curve, however, gives no indica- 
tion of the amount of increase in input at the valve point. For 
the range of loads between twice O; and the maximum load of one 
unit, curves of total input for each of the two conditions may be 
used to determine whether one unit should be operated at O, 
with the other taking the remainder of the load, or whether both 
units should be operated above O; at equalloads. The load above 
which it becomes economical to supply the increased input caused 
by opening the second by-pass valve rather than to go further up 
the increasing slope toward full load can be determined by the 
intersection of the two curves of Fig. 3. Curve BB’ gives total 
input with one unit operating at load O, (Fig. 2) with its by- 
pass valve closed, and is AA’ (Fig. 2) with O, added to its abscis- 
sas and /, to its ordinates. CC’ is a curve of total input with 
equal loading obtained by multiplying by two the abscissas and 
ordinates of AA’. Evidently best operation will be that along 
the envelope curve of minimum input BDC’, so for total loads 
less than O; one unit should operate at a load of O, with its by- 
pass valve closed, and for greater total loads the unit loads should 
be equal. 

Although the discussion of discontinuous curves was simplified 
by the use of only two similar curves with a single discontinuity, 
the procedure is the same for any number of units, similar or not. 
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The region in which equal-slopes operation must be abandoned 
will be determined by the comparison of curves of total input for 
the two methods of operation. 

The use of curves of total input versus total output, as thus 
described, to determine the load at which operation should be 
changed from one distribution definitely prescribed by the deriva- 
tive curves to another definite distribution, should not be con- 
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fused with the use of input curves alone for minimum-input-load 
division. It is possible to determine optimum distribution be- 
tween two units as the locus of the minima of curves of total 
input versus output of one of the two units, with total output asa 
parameter. This latter method requires the drawing of many 
curves even when only two units are involved, and would rapidly 
become unwieldy with an increase in the number of generators. 
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The method used here requires the determination of only one 
intersection at each critical point in the loading schedule, re- 
gardless of the number of units in operation. 


INFLECTED INPUT CuRVES 


Another type of input curve is continuous but exhibits points 
of inflection. Here again, as in the case of discontinuous input 
curves, there will be loads at which it will be incorrect to operate 
at equal slopes, or to operate similar units at equal loads. The 
methods which have been discussed may again be used to deter- 
mine most economical operation. 

Fig. 4 shows an input curve whose first derivative curve has a 
region AB whose negative slope is greater than that of the positive 
slope of the curve at lighter loads. Light loads should be 
divided equally between two similar units of this kind. For in- 
stance, for a load of twice O, distributed equally the argument is 
the same as for single curvature; any redistribution by moving 
the operating point of one unit from 7’; toward A will sweep off a 
larger area representing load increase than will be swept off by the 
moving of the operating point of the other to the left from 7’, 
where the derivative curve islower. On the other hand, a heavier 
load such as twice O; is not supplied at minimum input by operat- 
ing both units at O;. Remove AO from one unit and apply it to 
the other so that operation is at O; and Oy The decrease in in- 
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put, Ost’st’s02, is greater than the increase in input, Oyi’st’,O,, 
and the change has resulted in a net decrease in input. Improve- 
ment will continue with further change until one unit is operated 
at full load. The division between the regions where the units 
should be operated at equal slopes and that where one should 
operate at full load is at a load of twice Oy, the load where the area 
under the derivative curve from ¢’s to full load is equal to the area 
under the curve from i’; an equal distance to the left. For any 
greater load a change to full load on one unit will result in de- 
creased total input, because the area under the derivative curve 
from any such point to full load is less than the area from the same 
point an equal distance toward no load. For a practical deter- 
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mination of O, the measurement of areas under the derivative 
curve may be avoided by comparing two curves of total input, as 
was done in the case of discontinuous input curves. A curve of 
total input with equal loads and one of total input with one unit 
at full load will intersect at a total output of twice O,. 

In Fig. 5 the input curve again has points of inflection, but here 
the change in curvature is abrupt at a valve point, giving a 
derivative curve with positive slope greater than negative, and 
making unnecessary the use of curves of total input in prescribing 
load division. For loads below twice 0,, two equal units should 
divide output equally. For loads greater than twice O, and less 
than 0; + O;, one unit should carry O; and the other should 
carry the remainder. For greater loads one unit should operate 
at full load. For loads between twice O, and O, + O, the reason- 
ing is as follows: Let the units operate at O, and O;. A change 
of distribution by increasing load on one unit above O, will result 
in an input increase O,i’,i',O., which is greater than the decrease 
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in input O,t’st’s0; caused by an equal decrease in output of the 
other unit. In the same way a decrease in output below O,, 
with an equal increase above O;, is shown to result in a net in- 
crease in input by the greater height of area Osi’st’s0. over 
O,1',;i',07. Therefore, for any load in this range one unit should 
operate at O,. For the other two ranges of load the reasoning is 
similar to that in cases which have been treated previously and 
need not be repeated. 

For curves with more than one point of inflection, curves of 
total input may again be used to determine critical points in the 
operating program. In Fig. 6 loads from Op to twice O, should be 
distributed equally, and for loads from twice O, to O, + O, one 
unit should operate at O, as in the previous case. For a range of 
loads beyond O, + OQ, it will be better to supply a smaller incre- 
ment of input, O2i’st’s03, than the larger one, 0,1',t’,O4, 80 with in- 
creasing load one unit should remain for a time at O,. Because 
of the increasing trend of curvature, the more heavily loaded unit 
may reach a load such as Os, where a decrease in its load to O; will 
result in a decrease in input which is greater than the increase 
produced by an equal increase in input to the other unit beyond 
O:;. In the figure this point would be reached when 0O,i';t’;0; = 
0,7';t's0s, Os — O; being equal to O; — O.. This load may be 
determined practically by the comparison of curves of total input 
for one unit at O; and for one unit at O». 


DISTRIBUTION OF A VARYING System LOAD—CONSTANT- 
Loap OPERATION OF SOME GENERATORS 


The criteria for least input which have been discussed can be 
followed exactly only if the loads of all units can be adjusted 
continuously as the total load changes. The ordinary method of 
power-system operation, where part of the generating units 
operate at fixed throttle, and the remainder control frequency by 
sharing the load changes, is not covered. 

Although an assumption that good operation will be obtained 
by keeping the loads near those which the previous theory would 
dictate (by, for instance, keeping the load on constant-load units 
equal to the average load on similar frequency-controlling units) 
may in some cases give nearly optimum operation, a definite 
criterion is desirable. Approximations may be far wrong when 
the load swing on the frequency-controlling units is large. Such 
a definite criterion may be used in comparing the relative ef- 
ficiency of different methods of operation, to show the improve- 
ment which would result from a more frequent readjustment of 
the load on constant-load units, or in determining the advantage 
to be derived by having more units share in frequency control. 

A criterion for this case is easily established if it is assumed 
that a curve of load against time will be a straight line within the 
range of load change absorbed by the frequency-controlling units. 
The effect of this assumption with a typical load curve and a 
typical range of load swing on the frequency-controlling units was 
investigated and the assumption was found to be justified. In 
Fig. 7, J; is the input curve of the unit or units which are to be 
operated at constant load while the system load changes by 0,—(Q). 
The load change is to be absorbed by a frequency-controlling 
unit or units represented by input curve J;. If there are several 
constant-load units their share of the load is distributed in ac- 
cordance with the principles previously discussed, and J, repre- 
sents total input to them. If there are several frequency-con- 
trolling units their controls are so interlocked that they always 
operate with optimum distribution of load among themselves, 
so that J, may be treated in the same way as the input curve of a 
single frequency-controlling unit. 

Curve J, shows average input plotted against average output 
for the varying-load units as the load is changed uniformly over an 
interval, 0; — O,. The method of determining a point on this 
curve, 7 for instance, is as follows: Area 0;i;i,0, is measured and 
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divided by the length of its base, 0, — O,, to give the ordinate of 
i. Then 3 is plotted against average output in the interval and 
under the assumption of linear load change with time, the 
+ 


average is at the middle of the interval, at For other 


points the position of the constant interval, 0; — 0,, on the output 
scale is changed. ]’; is & the derivative of J:, and J’, is = 

do dO 
the derivative of J). 

It can be proved by a method similar to those already used that 
the average input will be minimum when the constant-load units 
are operated so that the slope of their input curve is equal to the 
slope of the curve of average input to the frequency-controlling 
uaits. A load which is to vary over the range O; — O,, for which 
I, was drawn, is distributed so that 
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with the constant-load units carrying a steady load of O- and the 
frequency-controlling units supplying a varying load whose aver- 
age isO». It may be shown that the total average load 0 = O. + 
Or» is being supplied with minimum average input by decreasing 
the average load on the frequency-controlling units by any 
amount, AO, and increasing the load on the constant-load units 
by AO. The average output is unchanged at O. From the 
geometry of the figure, the total average input has been increased 
because the increase in constant input, Oci’ei’,O,, is greater than 
the decrease in average input, 0; i’; i’sOv. 

An increase in the average load on the frequency-controlling 
units with an equal decrease in load on the constant-load units 
would evidently give the same result of increased average input 
at the same average output. The equal-slopes distribution gives 
best operation. 

All other methods of load distribution, equal fractions of rating, 
equal efficiencies, all units but one at maximum efficiency, etc., 
will lead to larger inputs except when they accidentally coin- 
cide with the methods which have been discussed. 
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Discussion 


The Design of Light-Weight Trains' 


E. L. Larson.? I regret that I cannot agree with Dr. Ekser- 
gian’s statement, “On the other hand, without any partition 
whatsoever, the torsional effect is manifested by a couple exerted 
on the main side frames, ....” in the section entitled, ‘Torsional 
Strength Through Step Wells and Openings.” His plain mean- 
ing is that the roof and underframe-floor lateral construction 
do not exert a couple “without any partition whatsoever.” 
Actually, they exert a couple under this condition. Equilibrium 
in the doorway region can be established in two ways: (1) 
Without rigid bulkheads (‘‘without any partition whatsoever’), 
by means of (a) a couple exerted by the roof and the under- 
frame-floor construction acting as lateral members, and (b) 
a couple exerted by the side frames acting as vertical members; 
(2) with rigid bulkheads fore and aft of the door openings, by 
means of either couple (a), or (b), or both couples. In other 
words, with rigid bulkheads, one couple is sufficient for equilib- 
rium but without rigid bulkheads, one couple is not enough; 
both couples are required. The actions in portions of the 
framing depend upon how these portions function with respect 
to the couples mentioned. Local torque, in the individual 
framing members across the door opening, is of minor impor- 
tance compared with the action of the couples discussed, and, 
therefore, the local torque will not be referred to after this. For 
the sake of brevity, an intermediate condition, which might be 
termed “partially rigid bulkheads,” will not be discussed. Theo- 
retically, what we are here calling a rigid bulkhead is at best but a 
partially rigid bulkhead. For the same reason, the action of the 
bulkheads in attempting to retain the original form of cross-sec- 
tion (such as trying to keep a rectangular section from becoming 
that of a parallelogram) will not be referred to. 

The accompanying diagram, Fig. 1, and equations show why 
the two couples, instead of only one couple, are required in the 
case of the door region when “without any partition whatso- 
ever.”’ The diagram and the equation set forth an approach to a 
first approximation. For the sake of simplicity, a car with rec- 
tangular cross-section is considered. Some tacit assumptions 
are made as to end conditions. The diagram is essentially that 
of a box unfolded, with sides separated. Only one source of 
torsion is considered, namely, uneven jacking at diagonally 
opposite corners of an articulated unit of a train. In order to 
avoid complication of force arrows, the total torsional moment 
transmitted to the unit by the external forces is indicated by 
T and the semi-circular arrows in the end views. The deflec- 
tions are not shown. 

From the diagram, it is evident that “without any partition 
whatsoever,” equilibrium of moments is established in the 
various planes as follows: 


Intheend views: {WH+fHW =T or2fHW =T 
In plan and bottom view: fWwL =fLW 
In side elevations: fHL =fLH 


From equilibrium in the end views, it follows that the portion 
of the total torsional moment resisted by (a), the couple exerted 


1 Published as paper RR-56-4, by R. Eksergian, in the September, 
1934, issue of the A.S.M.E. Transactions. 
2 Chicago, Ill. Mem. A.S.M.E. 


by the roof and the underframe-floor construction acting as 
lateral members, is equal to the portion of the total torsional 
moment resisted by (6), the couple exerted by the side frames 
acting as vertical members. 

Obviously, the approach indicated in the diagram does not 
apply to open top cars, nor does it apply to certain types of 
closed-top freight cars, those with so-called flexible roofs. The 
action of torque perhaps explains some of the creaking of wood- 
framed passenger cars. 

The five equations, at the end of the section referred to in 
Dr. Eksergian’s paper, can be made of service under the condi- 
tions for which he evidently intended them (“without any parti- 
tion whatsoever’) by substituting 7'/2 for his 7’, where 7’ still 
has the value assigned by him, namely, the total torsional 
moment transmitted across the door opening. 


L 
Plan of Roof 


tL 


1 
t Side Elevation E | 


fL 
fL 


Bottom View of 
cvs Underframe-floor | 


| 


Other 

Side Elevation 

(Up side down) 
4 


Fic. 1 GENERAL TORSIONAL ACTION IN A Carn WitH HoLtow 
RECTANGULAR Cross-Section, WiTHOuT Rigip BULKHEADS 
AND AFT OF THE Door OPENINGS 


All views are outside views. 
he arrows with long heads refer to external forces or moments, in the 
plane considered, with reference to the member of the car shown. 
The forces shown in the end views by dotted arrows show how equilibrium 
is established in the end views with reference to the applied torque. 
The numerals, 1 to 8 inclusive, refer to the corners in order to assist in 
comparing the views. 
The thicknesses of the members are neglected for simplicity in discussing 
the general overall actions and because secondary actions are neglected. 
(Among the secondary actions are restraints, at es, other than those of 
direct shear.) 


Dr. Eksergian also states, “...., if the bulkheads are very rigid, 
a pure torque is applied by the truss to the openings.” In this 
case, probably in most instances, there will be considerable 
beam action on the part of the members extending across the 
door openings, whereas the pure torque in these members will 
be of less importance, and then this will be merely as secondary 
action. 

As a matter of possible interest, reference might be made to 
“The Torsional Stress of Wings,” by C. P. Burgess in the fif- 
teenth annual report of the National Advisory Committee for 
Aeronautics, 1929, as well as to “The Torsion of Members Having 
Sections in Common in Aircraft Construction,” by G. W. Trayer 
and H. W. Marsh in the same report. 
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DISCUSSION 


J. C. Firrerer.’ In recent years, the automobile and the 
airplane have seriously challenged the economic existence of the 
locomotive as a result of the design of internal-combustion engines 
with a marked reduction of weight per horsepower developed, and 
the introduction of cheaper and better fuels for these engines. 
The young science of metallurgy is swinging into a vigorous 
stride and places at our disposal alloys such as duraluminum and 
stainless steel, in which desirable properties have been obtained 
by controlling composition. Very often, substances of three 
ingredients offer useful compounds whose properties can be 
plotted on a tri-linear diagram in which each element occupies one 
of the vertices. Any point, at a vertex, on a side, or within the 
triangle, locates a substance containing one, two, or all three 
ingredients. The memorable researches of Prof. Thurston 
clearly brought this means of graphical analysis into general 
prominence. Any property under investigation can be noted 
for a given composition, and after the field has been thoroughly 
covered, a characteristic topography may be developed, and the 
compound best suited for a given purpose easily selected. 

Stainless steel possesses a triangular array of its own in which 
steel, chromium, and nickel compose the leading triumvirate. 
Compounds of these furnish interesting avenues of investigation 
of stainless steels and enhance our knowledge of their properties 
such as tensile strength, compressive strength, torsion, flexure, 
corrosion, weight, etc. (with or without previous heat treatment). 
Suitable alloys, thus attained, have contributed much to the 
design of engines of low unit weight, such as found in the 
Zephyr. 

Regarding mathematical calculations developed in the paper, 
the unhesitating use of the process of resolving indeterminate- 
ness by setting up an inclusive energy function and differ- 
entiating, may be an augury of greater future usefulness in the 
application of modern methods on the part of the progressive 
engineer thoroughly grounded in the use of mathematical analysis. 

As an addendum or extension to Dr. Eksergian’s paper, it 
might be interesting and practical for some one to investigate the 
effect that varying widths of track gage would have on the 
economics of design in equipment of the Zephyr type. We 
have railroad-track gages, varying from the monorail to gages 
wider than the so-called standard gage. We might include 
among them the negative gage as a limiting case, clearly indicat- 
ing the airplane which is not fettered to any ground track what- 
soever. Ifa suitable function could be set up, the orthodox proc- 
ess of differentiation and equating the derivative to zero might 
lead to some suggestive results applicable to future designs. Any 
reduction in costly trackage must surely reflect its helpfulness in 
diminishing capital charges and, perchance, in a further reduction 
in the cost of operation, all of which may prolong the economic 
life of the railroads in competition with newer developments 
arising on all sides. Adaptation to the changing order of events 
is surely a healthful sign of continued progress. 


A. M. Wriaut.‘ Dr. Eksergian states that train resistance 
may be divided into two primary components which are (1) that 
due to rolling and bearing friction, and (2) that due to wind 
resistance. This is true, but from tests on the actual perform- 
ance of trains, it is impossible to determine what portion of the 
total resistance is due to friction, and what portion is due to the 
air. All tests hitherto made indicate merely that the total 
resistance can be approximately represented by the equation 


where V is the velocity of the train, and A, B, and C, are con- 


e : Professor of mathematics, Colorado School of Mines, Golden, 
olo. 


‘ Electrical engineer, The Reading Company, Philadelphia, Pa. 
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stants depending on the dimensions and weight of the train. 
It is usual to assume that the term CV? is due to air resistance 
alone, and in designing a train of a radically new type, such as 
the Zephyr, it was logical to resort to wind-tunnel tests to 
determine the value of the constant C. Such tests, however, 
must be accepted with caution, for several reasons. An impor- 
tant one is the scale effect. It is well known that for the flow 
around similar bodies to be similar in any two cases, the Rey- 


nolds number Se must be the same in both cases. When 


testing a small scale model in a wind tunnel, this equality requires 
the velocity used to be much higher than the velocity of the full- 
size train. It is found, however, that the drag coefficient changes 
very little over a wide range of Reynolds’ numbers above the 
critical region, so that the tunnel tests may usually be carried 
out with reasonably low wind velocities. On the other hand, 
it seems very necessary to know just how much this small varia- 
tion in the drag coefficient amounts to, in order that the results 
obtained with one value of vl may be applied to another. An 
error in the coefficient C in the train resistance equation may 
lead to very incorrect results at high speeds. To the writer, it is 
not obvious that the same scale effect applies to both the con- 
ventional and the streamlined train, for the air flow is by no 
means the same in both cases. Another point which would 
seem to require careful attention in testing such an elongated 
body as a train model is that the velocity of the undisturbed air 
stream should be uniform over the whole length occupied by the 
train. It would appear that very different results would be ob- 
tained with different types of wind tunnels due to variations in 
velocity along the length of the model. Dr. Eksergian makes 
no mention of this effect, and it would be interesting to know how 
this was allowed for in predicting the train resistance of the 
Zephyr. 

For the above reasons, Dr. Eksergian’s train-resistance formula 
can be considered only as contingent. The most satisfactory way 
of determining the train resistance, of course, is by road tests. 
In a train of the Zephyr type, which will always operate as a unit, 
resistance values can be obtained very simply from a coasting 
test. The only apparatus needed is an accurate speedometer. 
Suppose the power is shut off from the motors at some point on 
the run, and that the train is allowed to coast down to a low speed 
or even to a stop, under the retarding influence of the train 
resistance and the grades encountered. At the instant of 
shutting off power, the total energy in the train is composed of 
potential energy due to its elevation H above some datum level, 
and kinetic energy due to its velocity v. The total energy in the 
train is then 


2 
E = WH + Lo 
29 
where g should be taken at about 30 instead of 32.2, to allow for 
rotational inertia. 
Dividing through by W, 
In Fig. 2, let the distance traversed from the point of shutting 
A+ 
29 


feet be denoted by the ordinates. Then if OM is the total value of 


off power be denoted by the abscissas, and the quantity( 


. at the beginning of the test, it is clear that if there were no 


train resistance, this value would remain constant ever after, as 
shown by the line MN. Now plotting the profile of the railway 
on the same diagram, as shown by the line OABCD, the distance 
of the points on this line above the axis OX give the values of H 
in the above equation, and the vertical distances between OA BCD 
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2 
and the line OM are then equal to E From this the velocity 


E 
may be obtained at any point. The quantity v in Equation [2] 


has the dimension of a length, and may be referred to as the 
“total head,” from analogy with hydraulics. Now actually there 
is a dissipation of energy due to the train resistance, so that the 
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Fig. 2 


line MN is lowered to some such position as MP. This line may 
be obtained by observing the speed at marked points on the 


2 
route of the test, and plotting the value 7 above the line of the 


profile OABCD on the diagram. It is then obvious that length 
NP gives a measure of the work done in overcoming train re- 
sistance while the train travels from O to P. Symbolically, if we 
denote the ordinates of the curve MP by h, and the elevation of 
the track above the datum line OX by H, we have for the work 
done against the train resistance 


We can thus, by differentiating the curve MP, get a value of 
the total resistance R at each point, and to this corresponds an 
observed value of the speed. The train resistance at each speed is 
therefore completely determined. 

Since the performance curves shown in Figs. 1 to 3 in Dr. 
Eksergian’s paper are based on the wind-tunnel tests of train 
resistance, they also must be regarded as contingent on revision 
of the train-resistance values. 

The author’s remarks on the low power requirements of light- 
weight trains are more significant than appears from the horse- 
power requirements alone when oil-electric motive power is 
involved. The limitations of the Diesel engine are the piston 
speed and the mean effective pressure in the cylinder. The latter 
of course is a function of the cylinder volume, to the extent that 
the engine cannot burn more fuel than the air in the cylinder 
requires for complete combustion. Leaving supercharging out of 
consideration, we may assume that each pound of fuel requires 
about 14.6 pounds of free air for its complete combustion, and 
in that case the horsepower developed by the engine is propor- 
tional to the piston area and to the piston speed of the engine. 
If H is the Btu content of the fuel per pound, and if 1 lb of free 
air weighs 0.0727 lb, we get for the output of the engine 


Av 0.0727 X_778 H 

n 14.6 X 33000 
where A is the piston area in sq ft, v is the piston speed in ft per 
min, and n is the number of strokes per cycle. The constant K 


for modern engines is usually between 0.13 and 0.16, and it may 
be inereased to 0.20 by supercharging. The piston speed v is 


bhp 
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usually between 1000 and 1800 ft per min. To see the variation 
in the size and weight of oil-electric sets for railway service, we 
may use Equation [4] in a hypothetical line of engines, as shown 
in the writer’s Table 1. It is seen that as the engine size increases 


TABLE 1 
(Output of Diesel Generating Sets—2-Stroke Cycle) 

Relative 

Diam Piston generator 
x speed, No. me weight 

stroke ft/min cylinders (K = 0.16) Rpm per kw% 
4x 4 1500 6 190 2250 100 
5x 5 1500 6 300 1800 125 
6x 6 1500 6 430 1500 150 
8X 8 1500 6 760 1125 200 
10 x 10 1500 6 1200 900 250 


the speed of revolution decreases. This has a very adverse effect 
on the size of the electric generator. It may easily be shown 
that the output of an electrical machine is proportional to 
D*L, where D is the diameter of the frame and L the length. 
The output is also proportional to the angular velocity of the 
machine. Assuming the same proportional constant in all 
cases in the table, the last column shows how the weight of the 
electric generator per kilowatt increases as the size of the en- 
gine increases. The weight per brake horsepower of a large 
Diesel engine is also greater than that of a small engine, so that the 
net weight per horsepower of large-cylinder-capacity oil-electric 
sets is considerably greater than that of small sets. It is there- 
fore desirable to use generating equipment of as small a capacity 
as possible. The implication of this is that if a service requires a 
given horsepower per ton of total train weight, as shown in Dr. 
Eksergian’s Fig. 4, the total horsepower required by the train 
must be as small as we can make it, if a reasonable overall-weight 
efficiency is to result. The economical use of Diesel-electric power 
in important passenger service, therefore, compels the railway 
engineer to use equipment of as low a weight as possible, and it 
seems that the best field for the Diese,electric drive in main line 
service is in light-weight trains of the Zephyr type. 

An attempt to duplicate the performance of the Zephyr 
with heavy conventional equipment, using oil-electric drive, 
leads to extravagant sizes and weights of motive power. 


AvuTHor’s CLOSURE 


Mr. Larson’s criticism is constructive and well received be- 
cause his analysis really points out that in discussing torsional 
conditions through an opening, it is necessary to differentiate 
the loading conditions due to centrifugal inertia rolling moments 
which result in augmented torsional loadings under operating 
conditions, and extreme jacking loadings with a light car body. 
In the former, the end couples act as balancing moments for a 
distributed inertia moment along the car, while in the latter under 
extreme jacking conditions, with supports at the ends diagonally 
opposite, we have the condition of equal and opposite balancing 
couples at the ends of the cars. (Along with the distributed in- 
ertia rolling moment we also have distributed lateral forces, 
equal to the centrifugal loadings, reduced to the floor plane and 
balanced by lateral reactions at the center pins.) The author’s 
discussion was primarily postulated on the former condition 
because it represented augmented torsional loadings which would 
superimpose on the loadings previously discussed in the paper, 
and based on maximum operating loading conditions. Mr. Lar- 
son’s analysis pertains strictly only to extreme jacking condi- 
tions, and should be classified in a separate analysis since much 
higher stresses would be permissible. On the basis of the 
author’s postulation of augmented operating loadings, the dis- 
tributed inertia rolling moments increase the loadings on one main 
side frame and decrease the loadings on the other main side frame 
over and above the normal vertical loadings. From the point of 
view of equilibrium conditions alone, such augmented loadings 
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can be balanced entirely by vertical supports at the ends of the 
main side frames and no resultant longitudinal-shear forces at 
top and bottom of main side frames are needed since no balancing 
couple is then required for equilibrium of a side frame. _ If, there- 
fore, reacting longitudinal-shear forces do not act on the roof, 
transverse-shear forces would likewise not necessarily exist in the 
roof or floor system. However, the ability to transmit lateral- 
shear forces to the roof and floor across an opening is very much 
dependent on the relative rigidity of the bulkheads adjacent to 
the opening. As an extreme case, without any partitions what- 
soever, only the augmented vertical loadings and the corre- 
sponding total bending moment are maintained across the open- 
ings, such up and down reactions on either side of opening being 
the resisting torsional moment for the particular section at which 
the step well is located. 

Obviously under the dynamic torsional loading postulated by 
the author, the torsional shear varies for different sections of the 
car body in a manner similar to a beam with distributed gravity 
loadings and balancing supporting reactions at the ends. Now in 
a car body, openings near the ends are subjected to drastic verti- 
cal-shear loadings resulting in high secondary bending stress. 
For this reason augmented torsional-shear loadings which may 
induce additional bending stresses become of considerable im- 
portance. With a uniform lateral centrifugal loading inducing a 
corresponding distributed rolling moment, it is seen that the 
torsional shear would coincide with the vertical-shear loading at 
any section of the car. For this reason the dynamic roll loading 
may assume considerable importance for openings toward the 
ends subjected to heavy vertical-shear loading and therefore to 
correspondingly large torsional-shear loadings, augmenting the 
vertical-shear loadings. 

On the other hand for openings near the center of the car, 
though vertical-shear loadings and corresponding dynamic tor- 
sional-shear loadings are greatly decreased, ample reinforcement 
of the roof structure is still of major importance due to secondary 
bending under operating conditions, and to the extreme jacking 
conditions, resulting in transverse-shear forces through the roof 
under light load static conditions. 

For the case of extreme jacking, with equal and opposite end 
couples, Mr. Larson presents an analysis as a proof that lateral- 
shear forces equal to the vertical-shear forces in side frames, are 
induced in the roof and floor. His analysis, however, actually 
postulates rigid bulkheads at the ends of the car, which may only 
partly exist, and also a uniform distribution of longitudinal shear 
which may far from exist in an actual car construction. It is, 
of course, true that with equal and opposite couples applied at 
the ends, as under the extreme jacking conditions assumed, trans- 
verse-shear forces are induced in both roof and floor system in any 
actual car construction. However, the magnitude and distribu- 
tion of such forces at different sections of the car body depend 
upon the distribution and the yield of the bulkheads as well as 
the cross-framing of the car. 

In the Zephyr construction, the end cross frames are relatively 
rigid, so that the assumption of rigid end bulkheads is permissible. 
For a first approximation, the author is in agreement with Mr. 
Larson’s recommendation that without any adjacent bulkheads 
at the opening, and with a symmetrical car, the moment resulting 
from extreme eccentric jacking conditions is resisted equally by a 
transverse couple for roof-and-floor system and a couple with up- 
and-down reactions exerted on the side frames. 

In the analysis of a highly redundant structure as a car body, 
the criterion of the equilibrium of a system of reactions acting on 
several portions of the structure is not sufficient to determine 
their distribution. The distribution is effected by the relative 
yields of the various elastic members. It is always possible for 
non-statical systems to have various combinations of equilibrat- 
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ing systems, where the transfer between parts is effected by the 
action and reaction between any two portions of the structure. 
In fact the condition equations of a redundant system are neces- 
sarily supplied by the equilibrium conditions for each and every 
portion of the structure, together with the mutual reactions be- 
tween the parts. The particular distribution of the equilibrating 
system, however, is dependent on the relative deformation of the 
various members due to their elastic properties. On the basis of 
equal and opposite torsional moments applied at the ends of 
the car, it is evident that every cross-section of the car must 
sustain a mutual torsional-shear moment between the parts. 
However, the distribution of the shearing forces which make up 
the resultant resisting couple at the section is dependent on the 
elastic yield of the structure on either side of the opening. Mr. 
Larson does not specify the elastic properties of his system; 
only the balancing system of reactions, he assumes, postulates the 
elastic system considered and, therefore, the effectiveness of end 
bulkheads in transferring a lateral-shear couple to the roof and 
floor equal to the vertical-shear couple in the side frames. 


{2 


(5) 


Fie. SymMeTricaL Car WitHout Enp BULKHEADS SUBJECTED 
To Equat AND OpposiTeE ENp BALANCING COUPLES 


There arises the important question as to the effectiveness of 
partial end bulkheads as compared with rigid bulkheads in trans- 
ferring transverse shear to a roof-and-floor system in extreme 
jacking conditions. Without end bulkheads, the following ap- 
proximate analysis is of interest in showing that the maximum 
lateral-shear force in a roof-and-floor system may exceed values 
postulated on the rigidity of end bulkheads. 

Case 1. Symmetrical Car Without End Bulkheads Subjected to 
Equal and Opposite Couples at Ends as in Extreme Jacking Condi- 
tions. Referring to Fig. 3a, we assume a symmetrical car with end 
balancing couples = Rh. For simplicity the car cross-section is 
assumed square with the common dimension, h. Let mn be the 
mid-section, which sustains a vertical shear Sve in the side walls, 
and a transverse shear Sein the roof. We will assume the torque 
transferred to the roof by light bulkheads consisting simply of 
frame bents at panel points, i.e., posts, carlines, and cross-floor 
beam. Let the resultant reactions of these cross frames on the 
side frame be Re on either side of the mid-section at distance b 
from the mid-section “a” and a distance a from ends as shown in 


. 
= 
2 
Si 
4 
(ea) 
A L Ye 
-A 
- 


132 


Fig. 3b. Evidently See = R — Re for the vertical shear at the 
mid-section. 

To obtain the longitudinal shear Sz or S’z, observing that due 
to symmetry no bending noment exists at center section, we have 


Sth = Ra + S-(a + 6) = R(a + 6) — Rd 


now for the equilibrium conditions of the cross-frame bents, we 
have Roh = Rh, so that the resultant transverse reaction on the 
roof equals the vertical reaction on the side frame, and this 
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Fie. 4 BuLtKHEAD Wits a CoupLe TuaT Is BALANCED BY A 
Cou PLE CausED BY SIDE-FRAME AND Roor REACTION 


equals the transverse shear in the roof S:, = R: = Rs. But for 

equilibrium of the roof, Rb = Szh, so that since R: = Re, then, 

Reb = R(a + b) — Rob, and since S:, = Ri = Ro, S:, = KR a 
b—a 

and S,, = R 

It is evident that the values of the transverse- and vertical-shear 
forces depend upon the relative values of a and b which in turn 
depend upon the relative flexibilities and distribution of the bulk- 
head systems in general. Thus with rigid heavy end bulkheads, 
a = 0,andb = L/2s0 that Ste = See = R/2. 

If, on the other hand, the bulkheads were so distributed elas- 
tically that a = b, then Ste = Rand Sve = 0. 

It is to be noted that the structure itself is assumed to be a 
symmetrical plated walled structure with symmetrical distribu- 
tion of bulkheads. The action of a trussed system is different 
and is considered later. 

Case2. With Rigid End Bulkheads. As another extreme we will 
consider the case postulated by Mr. Larson’s analysis for rigid 
end bulkheads. In this case, Fig. 4, the rigid bulkhead has a 
couple Rk = %, which is balanced by a couple Vh + Hh, due to 
side frame and roof reaction. For equilibrium of side frame 
VL = Qhand for the roof Qh = HL,sothat H = V. This is based 
on the premise that the rigidity of cross frames is small compared 
with end bulkhead and the frame and roof are reasonably sym- 
metrical. Since Hh = Vh, evidently H which also is the trans- 
verse shear for any section of the roof, is /2h = R/2. 

Thus, on the premise of rigid end bulkheads, the transverse 
shear in the roof is reduced to one-half the end reaction R and the 
transverse shear in the roof equals the vertical shear in the side 
frame. 
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Distribution of Torsional Shear in Truss Space Framework. In 
order to show more clearly the effect of the elasticity of the system 
on the distribution of the lateral-shear forces, the simple frame 
structure shown in Fig. 5 has been analyzed. Three cases have 
been considered: (a) with rigid end bulkheads, (b) with the for- 
ward end bulkhead having a diagonal with the same rigidity as 
the diagonals in subsequent cross-panel frames, and (c) with light 
diagonals in both forward and intermediate cross frames with a 
rigid bulkhead at the back end. Evidently the transverse and 
vertical shear for top and bottom and the side frames correspond 
to the components of the diagonal tensions in these directions. 

(a) Truss space framework with rigid end bulkheads. If ® 
is the total torque transmitted, Vb is the reacting couple on the 
rigid bulkhead due to the vertical force V, and Hh is the reacting 
couple on the rigid bulkhead due to the lateral forces H, then the 
total torque requires the condition: 


Hh + Vb = ®@ (equilibrium of rigid bulkhead) 


We may therefore choose either H or V as redundant. In addi- 
tion we select the tensions in the diagonals of the truss bulkheads 
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(b) Front Side,-Rigid Bulkheads at Ends 
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(c) Top,-Rigid Bulkhead at Ends 


Fie. 5 DisrripuTtion oF TorsionaAL IN Truss Space 
FRAMEWORK 


as tension redundant reactions. The system is indeterminate to 


the third degree. The redundants are H,7;,and7;. Evidently 
V= — (Ib). Assume the diagonals in the bulkheads make 


angles ¢, and ¢, with respect tc the vertical. Then the loadings 
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on the left vertical side frame are V, 7', cos ¢; and T, cos ¢:. For 
the top horizontal side frame, the loadings are H, 7; sin ¢; and 
T: sin ¢2. In like manner we have a similar loading system for 
the right and bottom side frames. 

Considering now the rear end bulkhead, the reactions of the 
vertical side frames are 


V’ = V — cos — cos ¢2 
and for top and bottom frame 
H' = H + 7T,sin + Tz sin ¢ 
The couple on the rear bulkhead is 
= V’b + H’h = Vb + Hh = 


since h sin ¢ — b cos ¢ = 0 at any intermediate bulkhead, thus 
giving an equilibrium check. 

It is to be noted that the distribution for the component couples 
due to vertical- and horizontal-shear forces are definitely different. 
In other words they are affected by the relative rigidity of the in- 
termediate truss bulkheads. 

For a solution of this system, we have the loading conditions 
for each side truss. Evidently the total stress in any member has 
the form 


T = ab + BH + 77; + wT: 
where H, 7), and T; are the redundant forces. Therefore, 
Tl 
2EA 


equating the differential coefficients of the elastic energy = 


’ with respect to each of the redundants to zero, we have 


l 
(ab + BH + + = 0 


pa 


(ab + BH + + uT2) ¥ 


l 
(am + BH + + = 0 


from which we can solve for H, T;, and 7; in terms of the applied 
moment, and V from the relation Vb = @— Hh. On the basis 
of equal cross-sectional areas for truss members and diagonals in 
intermediate cross frames, and assuming square panels, i.e., h = 
b, we have 


187.94H + 74.697, + 25.687, = 93.97 
74.69H + 38.237; + 14.167; = 36.994/h 
25.68H + 14.167, + 11.577; = 12.490/h 


hence H = 0.5149 T, = — 0.027 
V = 0.4851 = — 0.0305 


(b) With tension diagonal bulkheads of same rigidity as truss 
frames, considering rigid bulkhead only at rear end. In this 
case we have no rigid forward bulkhead, the forward bulkhead 
being replaced by a diagonal brace. The tension 7» in this 
diagonal replaces the redundant reaction H in the previous analy- 
sis. The redundants are now 7°, 7;, and 7:, the redundant ten- 
sions in the diagonals of the cross-frames. 

On the basis of equal cross-sections for all members, we have 


96.887) + 52.817; + 18.167; = 66.45 /h 
52.817) + 38.237; + 14.167; = 36.99/h 
18.167) + 14.167; + 11.577; = 12.494/h 


so that 
To = 0.638 &/h, T; = 0.104 /h, T; = —0.050 &/h 
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(c) Assuming flexible bulkheads, with tension members in 
cross-frames having one quarter the cross-sectional area of main 
members in truss frames. In this case we arrive at the equa- 
tions: 

101.137) + 52.817; + 18.167, = 66.45 /h 
52.817, + 42.477; + 14.167, 36.99 &/h 
18.167 + 14.167, + 15.81T, = 12.49/h 


so that 
To = 0.577 &/h, T; = 0.158 &/h, = —0.015 


For the conditions in (a), the stresses in the side-frame diago- 
nals and stresses in the top- and bottom-frame diagonals are 
listed in Table 2. The vertical- and transverse-shear components 
were similarly estimated for conditions (b) and (c). 


TABLE 2 STRESSES IN MEMBERS AND DISTRIBUTION OF 
SHEAR IN PANELS FOR CONDITION (a) 


Stresses in side-frame diagonals: 


Mem- 

ber -—— Tension Vertical Shear Comp. 

be VV/2 = 0.686 &/h VY= = 0.4851 /h 


V2 


(VWI—T) = 0.7136/h 1) = 0.5043 


dg = 0.744 (VV3 — T1 — “a 0.5258 6/h 


Stresses in Top- and Bottom-Frame Diagonals: 


Mem- 
ber 


fe’ HvV/2 = 0.728 &/h 


Tension -——-Transverse Shear Comp.——~ 


= 0.5149 
(HV2 + 71) = 0.4957 
V2 
ho’ (HV2 + Ti + T:) = 0.670 &/h (HV/2 + Ti + Ts) a = 0.47426/h 
The values of the transverse- and vertical-shear components in 
bays I, I, and ITI are given in Table 3. 


of (HV2 + = 0.701 &/h 


VALUES OF TRANSVERSE- AND oO 
COMPONENTS IN BAYS I, II, AND I 


Transverse shear in the roof: 


TABLE 3 


Rigid Bulkhead with 
end with lig 
Bay bulkhead diagonal a. (A/A) 
I 0.5149 R@ 0.4514 R 0.4080 R 
II 0.4957 R 0.5252 R 0.5200 R 
Ill 0.4742 R 0.4896 R 0.5095 R 
Vertical shear in side frame: 
I 0.4851 R 0.5486 R 0.5920 R 
II 0.5043 R 0.4748 R 0.4800 R 
Ill 0.5258 R 0.5104 R 0.4905 R 
= 


From this we note that as the end bulkheads become more 
flexible the transverse shear is reduced in the end bay but, even 
with relative flexible end bulkheads due to the greater distortion 
at the ends, they are very effective in equalizing the torsional- 
shear distribution in roof and floor system and side frames. 

It is also of interest to note that intermediate bulkheads are 
not subjected to heavy loadings as indicated by the relative small 
values of the cross-frame tension diagonals 7, and T; for all three 
cases. 

On the other hand to transmit torsional-shear stresses through 
openings under operating conditions with heavy inertia rolling 
moments, relative rigid bulkheads adjacent to the openings are 
effective in inducing lateral-shear forces in the roof and floor sys- 
tem and thereby providing a better torsional-shear distribution. 
The relative magnitudes of this distribution are obviously greatly 
dependent on the relative flexibilities in the transverse and 
vertical directions through the opening. 
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Mr. Wright’s discussion is also most interesting and valuable. 
He raises the question of the validity of premising the train-re- 
sistance component due to air resistance on the basis of wind- 
tunnel experiments on models mentioned in the paper. On 
similarity tests with models and full-scaled trains let P’ and P be 
the total resistance of model and the air-resistance component for 
a full-size train. 

From dimensional analysis, 


P’ = kp'v'2A'f’(R’) 
P = kpv*Af(R) 


where k is numeric, consistent for units used, p is the mass den- 
sity, v is the velocity, A is the cross-section of train, and 


for model 
for large-size train 


L 
R= 7 the Reynolds number, a non-dimensional parameter. 
If we write the drag coefficient in the form P = D.Av? then 
= kp'f'(R’) 
De = kef(R) 


for the model 
for the large-size train. 


Since p’ = p, approximately, evidently the condition for no 
scaling up from the model to full-size train, requires equality of 
the drag coefficients, so that 


= f(R) 
Let us first assume that oa = f(R) has the same function for 


both the model in the wind tunnel and for the full-size train. 
Then the condition for equal drags reduces to f(R’) = f(R). 
Now for the full-size train, even assuming considerable speeding 


L 
up of the velocity v’ in the wind tunnel, R = Oe is still greater 


than R’ = “— for the model. But in the range of turbulent 


motion considered which in both cases is considerably above the 
critical velocity, the function f(R) is practically constant so that 
f(R) can be assumed practically equal to f(R’) of the model, even 
though R > R’. 

Actually it would be anticipated that the function of the 


Reynolds number, ai = f(R) to decrease somewhat with 


24 
increasing Reynolds numbers. Therefore since FR is inherently 
greater than R’, the drag coefficient for the full-size train should 
be somewhat less than for the model. Actually it has been found 
that a positive scaling up is necessary. 

This would indicate that in scaling up the drag coefficient, the 
f’(R) is not the same as f(R) for the full-size train, f{(R) in general 
being greater than f’(R) for the model. This would be antici- 
pated inasmuch as the boundary disturbing effect at the rail is 
different from that in a wind tunnel even with a dividing plane in 
an image duplication of the model. 

Mr. Wright also raises the question that the scale effect in a 
wind-tunnel experiment may be different for conventional and 
streamlined trains due to the fact that the air flow is different; 
also that the scaling may be seriously affected by non-uniformity 
and disturbances of air flow in a long model in a wind tunnel. 
This conclusion seems reasonable and further points to the fact 
that the Reynolds function may be appreciably different for these 
cases as well. 

On the other hand from a practical point of view, on the basis 
of the Davis formula modified for drag coefficients for air resis- 
tance obtained from the Massachusetts Institute of Technology 
wind-tunnel tests, test results for balance speeds of the Zephyr 
indicate a remarkable consistency. In the author’s paper, the 
drag coefficient was scaled up by 20 per cent in the correction for 
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the air-resistance component in the Davis formula. At 4.3 hp 
per ton computed balance speeds indicated a top speed of 96 
mph. Actual top speeds of the Zephyr were somewhat over 100 
mph and test results indicated that actually very little scaling up 
of the drag coefficient was necessary. For these reasons the 
author is convinced that reasonably satisfactory drag coefficients 
can be obtained from wind-tunnel tests, particularly for short 
trains with small modification in drag coefficients. 

Mr. Wright suggests simple coasting retardation tests for ob- 
taining train resistance on the basis of accurate speedometer 
data and a profile of the road. He introduces an ingenious 
graphical method which has the advantage of materially aiding 
in the faring of the plotting data by resolving the energy compo- 
nents in terms of heads. The gradient of the curve MP corre- 
sponds to the resistance at any point. 

From the energy equation 


d [ eo op wa] = —Rdz, where dH = dz sin a 


we have, between any two points, 


Instead of plotting the curve, 


and differentiating with respect to z for the train resistance, per- 
haps a closer approximation would be obtained by directly 
plotting the velocity curve and below it the profile curve. Then 
for any two adjacent points 1 and 2 along the curves, we can write 
either Equation [5] or [6] in the form 


— v,? 


)— — ay = 


R 
— — — Hi) = W (% — 21) 
where the interval z; — 2x, is taken sufficiently small to assume 
R constant. 


Allowable Working Stresses Under 
Impact’ 


AUTHOR’s CLOSURE 


I‘ a criticism of the author’s paper, E. Dillon Smith states that 

the “raising factor’ of the yield point or ultimate strength 
under impact cannot always be the same and that it depends on 
the velocity of impact, the inertia of the beams, and its natural 
period. The illustration of the idea given by the author at the 
end of this article will show that in some cases the dynamic force 
may produce a greater deflection and consequently a greater 
stress than the static one. 

The author fears that Mr. Smith does not make enough distinc- 
tion between two different things namely, (1) the relation be- 
tween the dynamical and statical yield point and tensile strength 
and (2) the relation between the statical and dynamical external 


1By N. N. Davidenkoff, Head of the Mechanical Department of 
the Physico-Technical Institute in Leningrad, U.S.S.R. Published 
with discussion in A.S.M.E. Trans., March, 1934, vol. 56, no. 3, 
paper APM-56-1. 


= 
° 
1 Rdz . 
ye 
| 
ee | 
l Rda 
i 
: 
29 W 
| 
a 
a 
Ay 
= 
- 


DISCUSSION 135 


forces, revealing the same stresses in the specimen. The data 
given by the author in Tables 1 and 2 do not relate to the method 
of calculation of dynamical stresses, but only assume that this 
method of calculation is correct. In cases similar to those cited 
by Mr. Smith, as when an elastic impact is being produced by a 
light hammer against a heavy beam, the inertia of the beam can- 
not be neglected when calculating the stress. If we take into 
account this inertia and observe that the beam is deflected, not 
only by the pressure of the hammer, but also by its own inertia 
forces, then there will be no discrepancy between the deflection 
and the actual force. The author however, wishes to assure Mr. 
Smith that the values given in Tables 1 and 2 have been obtained 
from tests of small specimens in longitudinal tension or compres- 
sion using sufficiently large hammers. In this case the inertia 
forces of the specimen can be completely neglected, especially 
due to the long duration of non-elastic impact and the high nat- 
ural frequency of the longitudinal oscillations of the specimen. 
In this manner the measurement of the impact stresses was re- 
duced to the simple measurement of the impact pressure of the 
hammer. 

The question of the influence of the impact rate or rather the 
rate of increase of the impact stresses on the value of the 
“raising factors’’ will now be considered. There is no doubt that 
this influence exists. Up to now, however, all attempts which 
have been made to investigate this influence have led either to 
doubtful results? which could be explained by the conditions of 
the experiment or a negative* answer. R. Plank‘ gives some 
data stating the following dependence of dynamic tensile strength 
a on the velocity v. 


av 
o+b 


where a and b are constants. Owing to the peculiarity of these 
data the author did not dwell on them in his paper. 

Mr. Smith objects to the connection of the upper and lower 
branches of the curve Fig. 8. In admitting this operation for 
Fig. 7, he must accept it for Fig. 8, which represents a picture of 
the same physical phenomenon, but only more definitely pro- 
nounced. Moreover, some of the values in Fig. 8 tend to ap- 
proach the connecting curve. 

Mr. Smith does not seem to agree with the author as to the 
difficulty of accurately double differentiating curves. With 
small-scale diagrams this difficulty will undoubtedly exist and 
the best proof of this is the discrepancy which exists between 
diagrams obtained by different investigators’* under similar 
conditions. In the proper choice of equations for the curves to 
be differentiated, apart from the tediousness of the process, 
there is the risk of smoothing out imperceptible deviations which 
under double differentiation will grow into considerable waves. 
See for instance Mr. Smith’s diagram, Fig. 11. 

As to the use of piezo quartz, the author does not understand 
why Mr. Smith neglects the possibility of safeguarding the quartz 
crystal from rupture during the experiment by keeping the proper 
relation between the size of the crystal and specimen. 

The author is greatly obliged to Mr. Smith for the detailed 
account of the principles of the piezo-quartz method on which 
the author did not dwell in his paper. Mr. Smith, however, sus- 
pects that the photographs given in the paper are not those given 
by a cathode-ray oscillograph. From the explanation given of 
Fig. 3, Mr. Smith might have seen that the cathode rays get two 


? Proc. Intern. Assoc. of Testing Materials, 1912, no. 9. 

*Charpy a Cornu Thenard., Jour. of Iron & Steel Inst., vol. 
96, 1917, p. 61. 

‘ Zeit. V.D.J., vol. 56, 1912, p. 17. 

5 Mitt. K-W. Instit. f. Eisenfor., vol. 7, 1925, p. 81. 

* Deutsch. Ver. f. Materialpr., 1927, no. 78. 


mutually normal deviations, the latter of which is created by the 
magnetic field for the special purpose of developing a picture 
without using a moving film. 

Finally it might have been better if the author had given a 
description of the calibration of the piezo quartz which was done 
by a simple static loading. This omission may have given rise 
to the suspicion that a more complicated method was used. 

The author is greatly interested in the work of Prof. R. V. 
Southwell, which shows how careful one must be in respect to the 
value of the so-called “‘mean impact force’’ computed as the quo- 
tient of the energy of fracture and the deformation of the speci- 
men. It is obvious that under ordinary test conditions we will 
always obtain an exaggerated meaning of the impact force. 

In connection with Figs. 7 and 8, Messrs. Mason and Stone 
mention the phenomenon of “‘blue-heat brittleness’”’ whereas the 
phenomenon is displayed under impact at higher temperatures 
namely, above 500 C and the phenomenon shown in Figs. 7 and 
8 should be called “cold brittleness,” and is of quite a different 
physical nature. 


Effects of Side Leakage in 120-De- 
gree Centrally Supported 
Journal Bearings’ 


Mayo D. Hersey.? The author brings out the point that 
the side-leakage effect depends not only on the bearing de- 
sign, but also upon the load carried. Since, however, the side- 
leakage effect is expressed as a simple ratio, it would seem prob- 
able that the situation might be more completely and exactly de- 
scribed by saying that the side-leakage ratio depends also on the 
dimensionless generalized variable G, more commonly known as 
ZN/P, and which, in the author’s notation, is written as uN /po. 

The author has presented two side-leakage factors or ratios, 
one being the ratio of the frictional resistance of the actual bear- 
ing to that of an ideal bearing without side leakage; the other the 
corresponding ratio of load capacities. | The writer’s previous 
statement regarding G has reference only to the friction ratio. It 
is not clear to him what is meant by saying that the other ratio, 
the ratio of load capacities, depends on the load. It is suggested, 
however, that the side-leakage factor for load capacity depends 
not only on the bearing design, but also on the product of the 
viscosity u by the speed N, and might be so represented on a dia- 
gram. 

Another point which is not yet clear to the writer is how it 


2 
comes to pass that the Sommerfeld variable G (*) remains intact 


in the side-leakage problem, as shown by Fig. 13 in the article 
under discussion. When this variable was introduced by Som- 
merfeld in 1904, it resulted from a detailed integration, valid only 
for the ideal bearing free from side leakage. 

If the paper presented by Mr. Needs contains a mathematical 
proof that this simple result may be derived from Reynolds’ 
equations, as I believe it probably does, it would seem well worth 
while to segregate this proposition from the rest of the paper. 
Otherwise, it might be construed that the proposition has been 
tacitly assumed in the very beginning. 

Some remarks might be offered concerning the methods of 
graphical representation selected by Mr. Needs. It is natural 
that he should lean toward the viewpoint of the machine de- 


1 Published as paper APM-56-16, by S. J. Needs, in the October, 
1934, issue of the A.S.M.E. Transactions. 

2 Division of Engineering, Brown University, Providence, R. I. 
Mem. A.S.M.E. 
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signer as contrasted with that of the operating or lubrication en- 
gineer. Consequently, most of his results are presented in terms 
of the more intangible factors such as the eccentricity ratio c. 
A welcome exception is found in Figs. 13 and 13a of the au- 
thor’s paper. Here the Sommerfeld variable has been selected 
for the independent variable, or abscissa, in the coefficient of 
friction diagram. Would it be possible to give a similar diagram 
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ratio of 2and 3. These data have been plotted as solid curves 
in Fig. 2. 

In his paper Mr. Needs presented data for the location of the 
point of negative pressure, which for large eccentricities is lo- 
cated between the point of maximum pressure and the outlet 
edge. This shows that it is not permissible to assume that the 
negative pressure begins at the point of nearest approach as many 


for the eccentricity ratio, or better still, for the relative film 
thickness, ho/n? 

Referring to Fig. 10 in the author’s paper, it seems paradoxical 
that the friction ratio decreases as the bearing becomes narrower 
and side leakage worse. The explanation lies in the fact that 
the curves shown are for equal eccentricities. But in actual prac- 
tice, if we compare a collection of bearings, all having the same 
clearance-diameter ratio, and all being tested under the same 
operating conditions, that is, at the same value of G, the eccen- 
tricities will not beequal. A curve of this type plotted against the 
length-width ratio would show an increasing frictional resistance 
ratio as the bearing is made narrower. Such a curve might be 
constructed by cross-plotting from the author’s Figs. 13 and 13a. 

In conclusion it might be asked if the author has compared 
his results with the approximate solutions of Giimbel, Stodola, 
Boswall, Karelitz, or Duffing? 


authors have done. In the absence of complete data for the 


location of this point, we have assumed, in finite bearings, that it 

is located half way between the outlet edge and the point of near- 

est approach for the infinitely wide bearing. 

length 
i 


We obtain in 


this manner the oil-film ratio of =a 


dth’ from which the broken- 


——————_ ACCORDING TO THE THEORY OF FILM LUBRICATION 

ACCORDING NEEDS 


R. Bavpry.* The bearing characteristics given by Mr. 
Needs have been compared with those obtained by a method of 
analysis‘ based on data previously presented. 

In Fig. 1 are plotted curves from data given by Mr. Howarth 
and Mr. Needs, which show the characteristics of a 120-deg. 
bearing of infinite width. The characteristics of the bearing 
have been given in functions of the characteristic number ZN /P, 
where Z is the viscosity in centipoises, N is the revolutions per 
minute, and P is the unit pressure in lb per sq in. The curve 
for n/r gives the relation between the clearance ratio n/r and 
ZN /P given eccentricity C. 

Similar curves are plotted for the coefficient of friction, oil- 
film thickness, location of the minimum oil-film thickness, with 
respect to the time of action of 
the load (#), and the ratio of 
the maximum to the minimum 
oil-film thickness, hm/ho. These 
curves reveal the condition of 
minimum friction and maxi- 
mum oil-film thickness as shown 
by Mr. Kingsbury. It is 
also clearly seen that for a 
rather large variation of the 
clearance ratio, there is only a 
small change in the coefficient 
of friction and minimum oil- 
film thickness. | 

Boswall, in his book, “The a 
Theory of Film Lubrication,” 
has given some data for the 
leakage factors of a plane bear- 
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line curves in Fig. 2 were plotted. These correspond to the differ- 
ent bearing eccentricities calculated by Mr. Needs. It is inter- 
esting to note that these curves agree closely with data published 
by Boswall and interpolated for different values of hm/ho. 

In Fig. 3 are shown the characteristics of a 120-deg bearing 
in which the length of the bearing is equal to the diameter of the 
shaft. It is seen that for a variation of the clearance ratio from 
less than 0.001 per in. to more than 0.002 per in., the coefficient 
of friction will vary only plus or minus two per cent of the mean 
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value shown on the curve. There is also a variation of the same 
order for the oil-film thickness. 

In Fig. 4 is shown the permissible clearance ratio necessary to 
operate at the optimum condition. It is interesting to note that 
this corresponds with the clearance used on Westinghouse bear- 
ings. For high-speed turbo-generators which operate under 
values of ZN/P from 100 to 400, a clearance ratio of 0.002 is 
used. For formerly used slow-speed power bearings, with a 
120-deg angle and having a value of ZN /P below 100, a clearance 
ratio of 0.001 was used. This shows a rather close agreement be- 
tween theory and practice. 

The leakage factors for oil flow published by Boswall also show 
close agreement with those of Mr. Needs. From this comparison 
it is seen that the different leakage factors are mainly a function 
of the ratio and hn» /ho. 
width 
Needs, that a single set of curves for leakage factors can be used 
with a reasonable degree of accuracy for many different types of 
bearings. 


It seems, as suggested by Mr. 


Kinossury.’ The paper on “Optimum Conditions 
in Journal Bearings,’ to which Mr. Needs refers, contains several 
assumptions which are known to be not strictly true, but were 
taken as near enough to the truth to provide for the development 
of a theory that would be serviceable for practical work. 

Among these assumptions are: (1) That the viscosity of the 
oil during its passage through the film may be taken as a constant 
value represented by its average value; (2) that the form of the 
surfaces is definitely known; (3) that the friction per unit width, 
with given clearance ratio and eccentricity, is the same for narrow 
bearings as for wide bearings; and (4) that the optimum condi- 
tions are obtained with the same eccentricity for both wide and 
narrow bearings. 

The theory is open to improvement in respect to these assump- 
tions. Mr. Needs has investigated the degree of inaccuracy in- 


a President, Kingsbury Machine Works, Philadelphia, Pa. Mem. 
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volved in the third and fourth of these assumptions, while still 
retaining the first two. The results of his work are interesting, 
and form a valuable extension of the theory. 


J. R. Connetty.* In that part of the paper by Mr. Needs 
dealing with the selection of dimensions of a proposed bearing, 
it is implied that wear at starting and stopping in the absence of 
an oil film is directly proportional to po (the ratio of total load to 
projected area). 

Experimental evidence obtained in the laboratory at Lehigh 
University using the same journal, lubricant, and bearing metal 
seems to indicate that variation of the length to diameter ratio 
results in a variation in the unit pressure at which wear ceases. 
Also, for certain values of the length to diameter ratio, there seems 
to be an inverse relation with the unit pressure at which wear 
ceases. 

Should the above condition be found to exist for other metals, 
journals, and lubricants, then the selection of the dimensions of 
a bearing must include a consideration of the maximum value of 
po at which wear ceases. 


AvTHOR’s CLOSURE 


The statement referred to by Mr. Hersey, that side-leakage 


factors depend on bearings loads as well as 2S a ratios, assumes 
that the speed, viscosity, and clearance ratio remained constant 
while the load was varied. Fig. 9 of the paper shows the side- 
length 
width 
ratio. Any change in eccentricity causes a change in the side- 
leakage factor. Hence, Mr. Hersey’s suggestion that the side- 
leakage factors depend on the speed and viscosity as well as the 
load, gives a much clearer picture of the situation. Another 
factor affecting eccentricity is the clearance ratio, which must 
also be included in the group determining the side-leakage factors. 

It may be shown mathematically that the Sommerfeld variable 


leakage factors to vary with the eccentricity for a given 


remains intact in the side-leakage problem. If in Reynolds’ 
equation, 
re) op re) op oh 
= h3 — = 6 1 
2 + 2( (1) 
6uUa 
we write h = n(1 + ccos@), = = ag, and p = > 
7 


Equation [1] becomes E + cos E +e 


cos ay = —csin @. Any solution of this equation is of the 


form, = f* (0, 9%, c). 


is of the form, 
6ula rz 
| 


When, for infinite width Equation [1] reduces to 


d dp dh 
4 (wi) 


Hence, any solution of Equation [1} 


the solution is of the form, 


6uUa 


6 Instructor, Department of Mechanical Engineering, Lehigh Uni- 
versity, Bethlehem, Pa. Jun. A.S.M.E. 
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As far as the absence of 7 is concerned f, andf are of the desired 
form. The group coefficients of f, and f, are identical in the cases 
of finite and infinite widths, hence, when the Sommerfeld variable 


is taken as the abscissa, the curve for each =e ratio will be 


width 
independent of the clearance ratio. 

Variation of eccentricity with the Sommerfeld variable is given 
in Figs. 5 and 6 of this discussion. Since ho/n = (1 — c), the 
relative film thickness may also be found from these charts. 

No comparison of the results of the present paper with the 
approximate solutions mentioned by Mr. Hersey has been made 
by the author. Mr. Baudry has made some comparisons of 
side-leakage factors with data published by Boswall. Compari- 
son with other formulas should prove equally interesting. 

Mr. Baudry’s curves are of special interest in that they ex- 
press the thought that the data as presented are not in suitable 
form for all designers who might care to use them. The results 
of future research, together with the information now available, 
will no doubt indicate a more logical and useful method of pres- 
entation. Attention should be called to the fact that Mr. 
Baudry has plotted the values of K’ and not the absolute value of 
the quantities referred to by the curves. This accounts for the 
peculiar appearance of the he curve, which at first glance appears 
to indicate that he = 0 when c = 0; when in fact, when c = 0, 
he = the radial clearance 7 and the film is of uniform thickness. 

It should be pointed out that assumptions (1) and (2) men- 
tioned by Dr. Kingsbury may be included in solutions by the 
electrical method. He has made investigations of (1), par- 
ticularly with reference to plane surfaces; and has pointed out 
that the electrical method may be used for any form of bearing 
surfaces. 

From Mr. Connelly’s comments it may be inferred that there 
is some value of the unit pressure, other than zero, at which 
there will be no wear at starting and stopping; but he does not 
state that the experimental evidence on which his remarks are 
based was obtained with a journal bearing under actual starting 
and stopping conditions. Experimental results, showing the 
relationship between wear, unit loading, and length-width ratio 
in a practical bearing, as the speed is varied from zero to the 
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point where a film is formed, would be of great interest and value. 

Attention is called to one or two typographical errors in the 
paper itself. In Tables 1 and 2, the third column from the left 
should be headed c and not c, deg. In Fig. 17, the left-hand 
vertical scale should read 0, 0.2, 0.4, 0.6, 0.8, 1.0. 


Exact Construction of the (6, + o:)- 
Network From Photoelastic 
Observations’ 


E. E. Wersex.? In its practical application, Dr. Neuber’s 
proposed method of determining the values of principal normal 
stresses from photoelastic observations does not appear to the 
writer to permit a saving in time over the existing methods. 

It may be compared with Filon’s integration method which 
also makes use of quantities determined graphically and obtains 
its results by means of a step-by-step process. In Filon’s 
methods, in one of its forms, either principal stress is found di- 


rectly by numerically adding quantities of the type (o: — a2) <. 


where dz is the intercept between isoclinics, drawn in the direc- 
tion of one of the principal stresses, and ds is the increment of 
length along the stress trajectory which is the path of integration. 

In the method proposed by Dr. Neuber, the graphical construc- 
tion which must be made at each point considered requires the 
taking into account of six quantities: the directions 1, 5, and 7; 
the spacings b and c; and the value of (0; — o:). 

In a simple curved-beam problem studied recently, about 400 
points would have had to be considered for either the Filon 
or the Neuber method in order to cover satisfactorily that 
portion of the member which was of interest. It is the large 
amount of detailed measurement which has caused Filon’s 
method to be described by a number of workers as tedious. The 
Neuber method does not reduce the amount of measurement and 


1 Published as paper APM-56-17, by H. P. Neuber, in the Oc- 
tober, 1934, issue of the A.S.M.E. Transactions. 
2 University of Michigan, Ann Arbor, Mich. 
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requires in addition a graphical construction at each point con- 
sidered. 

It is the writer’s opinion that problems for which principal 
stresses can be obtained by either of these graphical methods can 
be solved in a shorter time by means of the membrane-analogy 
method, using either a soap film or a stretched rubber membrane. 


Tuomas H. Evans.* Although it appears to the writer that 
two other methods for constructing a (o; + o)-network have 
decided advantages over any yet developed, that proposed by the 
author seems somewhat simpler than the graphical integration 
used by Filon and others. 

Any such method, no matter how exact theoretically, that re- 
quires the plotting of lines obtained with the polariscope, and 
the construction of others at given gradients to these, is sus- 
ceptible to graphical error. Although the method under dis- 
cussion does not require a plot of the stress trajectories, as does 
that of Filon, it is necessary to trace out isoclinics, which in some 
parts of a stressed model are extremely difficult to resolve ac- 
curately. Assuming, however, that the basic systems upon which 
the network is constructed are accurate, a great deal of tedious 
plotting and checking is necessary unless further inaccuracy is to 
be introduced by sketching in lines from only a small number of 
calculated points. 

The two methods mentioned above, which appeal to the 
writer as being simpler to apply once the necessary equipment 
has been assembled, are the membrane analogy, and an optical 
method. The former was described in an excellent paper by 
McGivern and Supper‘ while the latter was successfully used by 
Tesar and Cornu in France. The membrane analogy relies only 
on the accuracy of boundary stress determinations, photoelasti- 
cally, to plot accurately a (o; + o;)-surface. The optical method 
of measuring thickness variation in a stressed model (and hence 
¢, + 0) by the method of interference-fringes is entirely inde- 
pendent of the previous photoelastic work to determine (¢; — 2), 
and is extremely simple and accurate. 


M.S. Nores.' This is the first paper that the writer has seen, 
on the photoelastic examination of material under stress, which 
sets up mathematical descriptions of the observed lines of 
stress. The writer feels that the author has bridged the gap 
between the photographic record of the stressed model and the 
older approximate formulas for the apparent stresses. 

The usefulness of the theory and method given, however, is 
exactly in proportion to the ease with which they can be applied 
to all of the ordinary problems met in design work. The writer 
wishes, therefore, that the author had lengthened his short 
paper sufficiently to include in some detail the application of his 
graphical method to the symmetrical angle plate analyzed in Figs. 
Sand 9. It is not readily apparent, for instance, whether the 

P 
formula, —100 = a h 
represent the true stress for (¢; + o2) or an apparent one. 


- + ), in these figures, is supposed to 


A.M. Waut.* In connection with the problem of determining 
the principal stresses from photoelastic observations, a recently 


‘ Instructor in Engineering Mechanics, Sheffield Scientific School, 
Yale University, New Haven, Conn. 

*“A Membrane Analogy Supplementing Photoelasticity,”” by 
J. G. McGivern and H. L. Supper, A.S.M.E. Trans., August, 1934, 
paper APM-56-9. 

of Engineering, Washington, D. C. Assoc-Mem. 
AS.M.E. 

* Westinghouse Research Laboratories, East Pittsburgh, Pa. 
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developed lateral extensometer described elsewhere’ has proved 
very useful. 

This lateral extensometer differs from that used by Coker in 
that the points are pressed against the specimen with a small but 
definite pressure and are held in one location while the specimen 
is being loaded. There is thus no possibility of sidewise motion 
of the points during the loading of the specimen, and hence no 
errors are introduced due to slight variations in thickness from 
point to point. The whole apparatus is balanced and supported 
by springs so that the specimen may deform slightly without 
causing slippage of the points (which carry practically no load). 
The results obtained by using this extensometer were very con- 
sistent, successive readings obtained by removing and reclamp- 
ing the extensometer at the same point seldom differing by more 
than 50 lb per sq in. for a 0.33 in. thick specimen (bakelite may 
easily carry values of ¢; + o, equal to 5000 Ib per sq in. within the 
elastic limit). 

The instrument was checked against a theoretical solution 
(obtained by Howland®) for a plate having a hole with a diameter 
half the width. It was also checked against photoelastic values 
of o; (o, being zero) near the free edges of some specimens de- 
signed to simulate the conditions in press fits. In all these 
cases the results obtained by the lateral extensometer agreed 
closely with those obtained by other means. 

In most practical cases, we are interested only in the stresses 
in a comparatively localized region, such as, for example, the 
minimum section in the case of a tension bar with a hole or 
along the line of contact between hub and shaft in the case of a 
press fit. In such cases the instrument has proved particularly 
useful, since a few measurements made near such points will 
give a good idea of the stress distribution in a relatively short 
time. 

Dr. Neuber has presented a very ingenious method of deter- 
mining o; + ¢;, and one which appears to represent a definite 
improvement over previously used graphical methods. The 
writer feels, however, that the use of an accurate lateral exten- 
someter will result in a considerable saving of labor as compared 
to the graphical method, while, at the same time, giving suf- 
ficiently accurate results for most practical work. 


AvuTHOR’s CLOSURE 


In the discussion of the paper, the author’s graphical method 
for determining the construction of the (o; + ¢2)-network is 
compared with other methods used for this purpose. In order to 
understand both the usefulness of the author’s method and its 
practical application, one must realize that it has two important 
advantages: 

(a) It eliminates the necessity of drawing the principal 
stress lines. 

(6) In most practical problems it will be sufficient to make 
use of the particular cases (constructions 1 a,b,c; 2 a,b,c; 3 a,b) 
in which the application of the method becomes extraordinarily 
simple. These particular cases will furnish a sufficient number 
of points for obtaining an excellent conception of the (0, + ¢:)- 
network, inasmuch as the boundary values are already known. 

Further details of the method and its application are outlined 
in, “Einfuhrung in die Photoelastizitat,” by Dr. L. Foppel and 
the author, a treatise which has not yet been published. 

It would be very useful for investigators to compare results 


7 “Fatigue of Shafts at Fitted Members (With a Related Photo- 
elastic Analysis),"" by R. E. Peterson and A. M. Wahl, presented at 
the Annual Meeting, New York, N. Y., December 3 to 7, 1934, of 
Tue AMERICAN Society oF MECHANICAL ENGINEERS. 

®“On the Stresses in the Neighborhood of a Circular Hole in a 
Strip Under Tension,” by R. C. J. Howland, Proceedings Royal 
Society of London, January, 1930. 
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of experimental methods (membrane-analogy or optical methods) 
with the exact theory of the (o; + o2)-network given by the 
author. 


Dynamic Balancing of Rotating 
Machinery in the Field’ 


T. C. Rarupone.? In referring to the writer’s paper* on the 
same subject, the author may leave the impression that heretofore 
the problem had been carried only to the point of solving for the 
effect of unbalance at one bearing at a time, using the crude shaft 
marking for phase-angle determination. This paper* not only 
describes an accurate stroboscopic phase-determining apparatus‘ 
developed and used in the field some ten years ago for the study 
of vibration phenomena, but also points out the necessity for 
taking into account the inter-action of influences from one bearing 
to the other. It also describes a method of determining at all 
bearings, “unit vectors,” which are produced by a unit of un- 
balance at each bearing, and then describes a rapid practical 
method for determining the necessary corrections at both ends 
of the rotor simultaneously, from the results of two trial runs. 

The experiments leading up to this solution were carried out on 
large turbine rotors at speeds up to 2000 rpm. At first, the com- 
plete vibratory motion was recorded. Starting with the rotor 
in practically perfect balance, known unbalances were inserted, 
first at one end and then the other, and observations made with 
stroboscopic vibrometers at both ends simultaneously. 

It was found that the resulting vibration for a variety of com- 
binations responded with great fidelity—both in shape, size, and 
inclination of the ellipse, and in phase. The angles could be read 
to within 2 or 3 deg. From these data the “unit ellipses’’ were 
determined for a unit of unbalance and it was found that the 
resultant figure for any combination of unbalance weights at 
both ends could be predicted with almost uncanny accuracy, by 
superimposing the adjusted unit ellipses. Reversing the pro- 
cedure, unknown unbalance corrections were determined by 
building up the unit ellipses to produce synthetically the same 
figures resulting from the unknown unbalance. 

Professor Den Hartog solved the problem analytically for this 
general case, using the complete data observed. As two indepen- 
dent solutions were possible with the ellipse information, which 
should check, the observations were then confined to either the 
vertical or lateral component, and this made possible the graphi- 
cal solution by unit vectors described in the writer’s paper. The 
method involves reproducing synthetically the initial unbalance 
vectors by adjusting the unit vectors, and the solution is rapidly 
determined. Mr. Thearle’s vector-operator method applied to 
these unit vectors gives a more direct and mathematically satis- 
factory solution, and for this contribution, as well as for his im- 
provements in stroboscopic vibrometers, he is to be con- 
gratulated. 

There are two important by-products of these developments 
which may be overlooked. First, the analysis of vibration by 
unit vectors, which affords a measure of the sensitivity or response 
of any installation due to a given unit of unbalance. Many 
futile attempts have been made to determine by analysis the 
resonance characteristics of foundation structures. It is almost 
impossible to predict these with any accuracy on complicated 

1 Published as paper APM-56-19, by E. L. Thearle, in the October, 
1934, issue of the A.S.M.E. Transactions. 

2 Chief Engineer Turbine Division, Fidelity & Casualty Company 
of New York, New York, N. Y. Mem. A.S.M.E. 

“Turbine Vibration and Balancing,’”’ by T. C. Rathbone, Trans. 
A.S.M.E., APM-51-23, vol. 51, 1929. 


4 “Unusual Vibration of a 25,000-Kw Turbine Generator,”’ by T. C. 
Rathbone, Electric Journal, vol. 25, no. 2, Feb., 1928. 
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structures. There has been a great deal of controversy concern- 
ing the relative merits of concrete and steel structures. From 
the standpoint of smoothness of operation, these unit vectors af- 
ford a very potent means for direct comparisons of existing struc- 
tures, which may well guide future design. 

Second, the balancing processes under discussion are based on 
assumptions which do not always apply. Experience has shown 
that a fairly satisfactory linear relation holds between force and 
amplitude, and a fairly constant phase relation between cause 
and effect, so long as the condition of the rotor remains unchanged, 
or no impactive effects or changes occur in the bearings or struc- 
ture. In such ideal cases where the rotor responds normally, it 
has been the writer’s experience that operators in the field have 
little difficulty in arriving sooner or later at a satisfactory bal- 
ance, each by his own individual and sometimes crude methods. 

Rotors which exhibit erratic behavior, however, are difficult to 
balance by even the refined methods developed. There are 
many causes for such erratic tendencies, and under these chang- 
ing conditions it is sometimes impossible to evaluate the unit 
vectors. In such cases, the stroboscopic vibrometer has proved 
itself to be a most useful tool in diagnosing the difficulty by con- 
tinued observations over extended periods, covering all phases of 
operation of the unit. 


James J. Ryan.® The solution of the problem of field balanc- 
ing of rotating machinery proposed by the author and the equip- 
ment he has developed to obtain the required data, are ideal. 
There appears, however, to be a need for more adaptable instru- | 
ments to measure vibration from a scientific standpoint that may 
be placed in the hands of less expert operators. A universal 
oscillo-vibrograph has been developed in the machine design 
research laboratory of the mechanical: engineering department 
at the University of Minnesota by means of which the data re- 
quired in the solution of the dynamic-balancing problem pre- 
sented by Mr. Thearle may be conveniently obtained. This in- 
strument either displays visually or records photographically 
vibration movements indicating the amplitude of the vibration, 
the wave form, the frequency and the phase position to large 
scale. Such instruments promote the methods of scientific an- 
alysis in vibration problems, and permit engineers in general to 
solve problems in the field with little difficulty. 


AvuTHOR’s CLOSURE 


The author appreciates the interest shown in this paper. Much 
of the discussion calls for no further comment. 

Under certain conditions where the rotor exhibits erratic be- 
havior, Mr. Rathbone questions the validity of the assumptions 


upon which the balancing process is based. It has been the ex- 
perience of the author, also, that “. . . a fairly satisfactory linear 
relation holds between force and amplitude, and a fairly constant 
phase relation between cause and effect, so long as the condition 
of the rotor remains unchanged, and no impactive effects or 
changes occur in the bearings or structure.” 

Regarding rotors which exhibit erratic behavior, such as 
changes in vibration amplitude and phase caused by changes in 
load or temperatures, it is obvious that no single combination of 
balance weights can give smooth operation under all conditions. 
Observations of both amplitude and phase of the vibration are 
necessary in order to establish the nature of the variations in 
vibration. It is clearly an advantage to know the extent and 
nature of the variations in vibration before attempting to correct 
for them by balancing. This knowledge may save much time 
and effort. 

5 Assistant Professor of Machine Design, Mechanical Engineering 


Department, University of Minnesota, Minneapolis, Minn., Jun. 
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If, with a knowledge of the nature of the variations in vibra- 
tion, their cause cannot be eliminated, then a compromise balance 
must be sought. When this is to be done, observations of the 
amplitudes and phase angles of the vibration are made over the 
normal range of operating conditions of the machine. From a 
plot of these vectors (N and F), the best compromise balance 
obtainable is readily seen. The balancing process is then com- 
pleted in the usual way, taking care in the calculations to com- 
pare each subsequent vector observed (N2, F2, N3, and F;) witha 
value of the original vectors (N and F) corresponding to the 
same conditions of operation. 

It is also obvious that the addition of balance weights to a 
machine cannot correct effects not caused by unbalance, such as 
disturbances caused by journals which are not round. However 
the first observations to be made usually reveal these defects, if 
they exist, and give information leading to their correction, thus 
saving much time which might otherwise be spent in attempting 
to correct, by balancing, for vibrations which are not at all due 
to unbalance. 


High-Pressure Steam and Binary 
Cycles as a Means of Improving 
Power-Station Efficiency’ 


Lucian A. SuHetpon.? The essence of Mr. Gaffert’s paper is 
given in Fig. 12 which shows plant performance for steam cycles 
at various pressures up to the critical pressure, for the diphenyl- 
oxide-steam cycle, and for the mercury-vapor-steam cycle. 
These can be divided roughly into four groups: (1) Steam pres- 
sures ranging from 400 lb to 600 lb; (2) high-pressure steam 
ranging from 1200 Ib per sq in. to the critical pressure; (3) the 
diphenyloxide-steam cycle; and (4) the mercury-vapor-steam 
cycle. Here we find the poorest economies with the normal 
steam pressures, the economies of the diphenyloxide-steam 
cycle about the same as those effected with 1200 lb per sq in. 
steam pressure, the economies from the use of 2500-lb and criti- 
cal-pressure steam slightly better, and the mercury-vapor-steam 
cycle the most economical of all. I believe a brief explanation 
of the reason for this would be of interest. 

The efficiency of any cycle depends upon the temperature 
range through which we work. In general, the greater this 
temperature range, the better the efficiency. However, it makes 
quite a difference whether the higher temperature is obtained by 
pressure, using saturated vapor, or by superheating. With 
steam we cannot get the high temperature by means of pressure 
and hence must resort to superheat. But the energy carried in 
superheat is only a fraction of that which can be carried in mer- 
cury at the same temperature where the temperature is obtained 
by pressure using saturated mercury vapor. A glance at the 
temperature entropy diagrams shows this quite clearly. With 
mercury we approach much more nearly the Carnot cycle and 
hence get considerably better efficiencies. With the diphenyl- 
oxide-steam cycle, as Mr. Gaffert points out, we cannot go much 
above 800 F as this substance breaks down above this tempera- 
ture, thus limiting future gains in economy. Mercury, however, 
is an element and does not break down at high temperatures. 
Therefore, the upper temperature limit of the mercury-vapor- 
steam cycle is not limited by the heat-carrying medium but only 
by the ability of the materials which are available to withstand 
these temperature conditions. When better materials are pro- 


' Published as paper FSP-56-11, by G. A. Gaffert, in the October, 
1934, issue of the A.S.M.E. Transactions. 

? Engineer in Charge of Design, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 


duced the temperature range of this cycle can be increased still 
more and still better economies can be obtained. 

In regard to the amount of mercury required, the Kearny 
boiler contains 300,000 lb of mercury, or approximately 7 lb per 
kw for mercury and steam. I have not included the kilowatts 
made from the steam in the water walls as this heat does not pass 
through the mercury boiler. Estimates made on more recent 
studies of mercury boilers show that we shall require from 5 to 7 
Ib of mercury per kilowatt and there is some possibility that in 
future this may be reduced to as low as 4 lb per kw. 

According to conclusion No. 3, Mr. Gaffert feels that the an- 
nual rate of production of mercury is so small that there is slight 
possibility that the mercury-steam cycle will become universal. 
We all realize that prophecies of this nature are always more or 
less uncertain. There is apparently plenty of mercury in the 
world, the yearly production being the amount that is required 
rather than the amount which is available. 

The General Electric Company in the past twenty years has 
produced an average of about 1,000,000 kw of turbo-generators 
per year. If we assume that 50 per cent of this turbine capacity 
would at some future time be mercury, it would require, at the 
most liberal estimate, 7 lb per kw, 3,500,000 Ib of mercury per 
year, or about 1600 metric tons. From the curve of yearly pro- 
duction of mercury which is published in Minerals Yearbook, we 
find the variation in yearly output from 2150 metric tons to 
5600 metric tons, so that this 1600 metric tons necessary, if half 
of the General Electric turbines were mercury, would come well 
within the normal variation of the production curve. Therefore, 
it would seem that it would not be necessary or advisable for us 
to slacken our efforts in the mercury process for many years to 
come because of lack of mercury. 

Regarding the operation of mercury-vapor-steam equipment, 
the record of the Hartford, Kearny and Schenectady plants up 
to July 1, 1934, is listed in Table 1. 


TABLE 1 RECORD OF OPERATION OF MERCURY-STEAM 
PLANTS 


Hartford Kearny Schenectady 


Dates................. October, 1928, March 27, 1933, Jan. 1, 1934, to 
to July 1, 1934 to July 1, 1934 July 1, 1934 

Hours elapsed.......... 50016 11063 4344 

Hours in service........ 24905 6259 2946 

Per cent available...... 49.8 56 68 

Kilowatt-hours......... 202732000 82245000 29923000 

Capacity factor, per cent 40.5 37.2 34.4 


The figures in this table cover outages for the entire equipment. 
That is, they include the furnace and the steam part of the unit 
as well as the mercury portion. If the mercury portion alone 
were considered, the availability factor would be very much 
better. The capacity factor for the Schenectady equipment is 
rather low because the demand for steam was low and, therefore, 
the equipment was not called on to carry anywhere near the 
load it was capable of carrying. The availability factor of the 
Schenectady unit would have been higher but for the fact that 
the plant was shut down over week-ends. 

The experience and knowledge which we have gained to date 
lead us to believe that we may expect future mercury-steam 
equipments to operate at higher availability factors than these 
first installations and, in fact, to be just as reliable and to operate 
just as large a percentage of the time as steam equipments. 


A. G. Curistre.? Mr. Gaffert’s conclusion, that the thermal 
advantages of high steam-pressure and temperature cycles pro- 
vide a considerable margin for increased capital costs, will stimu- 
late renewed study in their possible application to many systems. 
The mercury-steam plants offer enticing possibilities from a 


3 Prof. of Mechanical Engineering, Johns Hopkins University, 
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purely thermodynamic point of view. Certainly a station per- 
formance of 8600 Btu per kwhr, or 0.67 Ib of coal per kwhr, will 
be attractive in regions where coal costs are high. More data 
on the commercial performance of stations that are now in 
operation, together with cost figures for mercury make-up, for 
repairs and for supervision, are desired before a final appraisal of 
such systems can be made. 

In considering Dr. Gaffert’s results, it must be borne in mind 
that his values apply to base load stations, for he has assumed 
70 per cent station average load factor and 8000 hours’ operation 
per year. This raises the question: “Should the new equipment 
be designed for base-load service?” It is obvious from Dr. 
Gaffert’s results that the possibilities of further improvements in 
the steam cycle, or in fact in any of the other cycles, are limited 
until metals can be developed for temperatures well above 1000 
F. This temperature, though at present regarded as the safe 
upper limit for metals, may soon be exceeded, as much study and 
research are devoted to this subject and new alloys suitable for 
still higher temperatures may appear at any time. The justifi- 
cation for a new station for base-load service over any considerable 
period is, therefore, dependent to a large degree upon such de- 
velopments in metals. 

The late Peter Junkersfeld repeatedly called attention to the 
fact that many new turbine units were installed on the assumption 
of high capacity factors over a long period of use. Junkersfeld 
found from analyzing actual station records that few of these 
units developed the expected capacity factors over their useful 
life. In other words, expenditures have been made in many new 
stations that were in excess of the costs warranted by actual per- 
formance. The difficulty of financing new utility plants at pres- 
ent should cause any additional expenditures for securing high 
thermal efficiency to be subjected to the most conservative analy- 
sis of actual operating performance. 


Dr. Gaffert could advantageously supplement this valuable 
paper by additional contributory data that he must already have 
at hand. For instance, he might indicate in the various cases, 


the heat to the condenser. Such data would clearly show the 
advantage of high pressure and temperature cycles where cooling 
water is limited or where cooling towers have to be used. He 
might also indicate the percentage of the main generator output 
required in the various cases to supply power to auxiliaries. It 
would be interesting to learn how this varies with the increased 
thermal efficiency of the plant. 


A. B. Ciarx.‘ The calculations in Dr. Gaffert’s paper are all 
based on a unit of about 50,000-kw capacity. It would therefore 
appear doubtful if such small units could be economically con- 
structed for operating at steam pressures of 2500 Ib or 3000 Ib as 
shown in Figs. 1 and 2, because the blade height, nozzles, etc., of 
the turbine unit would be very small, and the gland-packing 
leakage and other leakages would be correspondingly high. 

In practice the heater system would be changed somewhat. 
Those who have had experience with feedwater under high pres- 
sure would not want to put so many heaters under the full feed- 
water pressure, but would reduce the number to an absolute 
minimum. 

Then again, small heater drain pumps for high temperatures 
and pressures are not practical. Their use leads to a very un- 
balanced design that results in low efficiencies and high mainte- 
nance costs. If the drains are flashed down, the lower-pressure 
heaters are not able to extract as much steam from the turbine 
and would modify the efficiency of the cycle. The application 
of drain coolers would help in this respect. 

Increasing the number of heaters does not necessarily increase 
the economy. It has been found that the omission of an inter- 
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mediate heater in one particular case did not change the economy 
of the unit; in fact, there was a slight gain. The machine in 
question was a reheating unit, and in such cases it is necessary 
that sufficient heat be taken out of the steam and converted into 
work before the steam is extracted. This may not be done easily 
when a large number of heaters are employed. 

It is for such reasons as given above that it is sometimes diffi- 
cult, except in a general way, to benefit from such a system of 
curves as presented in Fig. 12, which is probably the reason why 
they are given. 

Some years ago, when determining the heat balance of units 
operating at 2400-Ib and 3200-lb pressure, it was found that when 
the work of the boiler feed pump was taken into account, there 
was but 0.5 per cent difference in efficiency and only about 1 per 
cent gain in the heat charged to the turbine cycle. Owing to the 
dense steam, it would be expected that a turbine operating on a 


’ pressure of 3200 lb would not be quite as efficient as one operating 


at a lower pressure. These figures are somewhat less than those 
given by the author. 

Binary cycles are very interesting and that of the mercury- 
steam cycle has been commercially worked out. It is, of course, 
an evaporation-and-condensation cycle. If, however, a system 
is used by which concentration by evaporation and dilution by 
absorption of vapor is considered, there are more materials avail- 
able. However, they effect more of a solution cycle than a binary 
cycle. For instance, it is well known that caustic soda when 
mixed with water generates considerable heat. A small turbine 
has been run experimentally on steam generated with concen- 
trated caustic soda by diluting it with the turbine exhaust steam, 
and then reconcentrating the caustic soda. As most chemicals boil 
at higher temperatures than water, steam generated in such a 
cycle is in a superheated condition. Thus it would appear pos- — 
sible to generate steam by concentrating a suitable compound 
and use it in a steam turbine, and then dilute the compound by 
exhaust or bled steam from the turbine to generate steam for a 
second steam turbine. 

Dr. Koenemann’s cycle is something of this order in that it 
uses ammoniacate. The cycle uses ammonia vapor instead of 
steam and then by a heat-exchanger device generates steam for « 
turbine from the heat given up from an ammonia condenser. 

It has taken years of careful work to give us the steam tables 
and there still seems to be some doubt as to their accuracy at the 
higher pressures and temperatures. Before any new fluid can be 
accepted, its heat properties, as well as any corrosive properties 
it may have, must be determined. This is apt to be quite an ex. 
pensive and lengthy undertaking. 


G. A. Henpricxson.* For those interested in comparing the 
cycles considered in Dr. Gaffert’s paper with actual plant results, 
it should be noted that an important item, which amounts to 
some 10 per cent of the total heat consumption of actual plants, 
has been omitted. This item may be designated as the plant 
operating efficiency ratio, or the ratio of the thermal efficiency of 
routine operation to the thermal efficiency that would be obtained 
if each apparatus in the plant operated continuously under test 
conditions at its most favorable load. Among the items that con- 
tribute to the reduction of the operating efficiency ratio below 
unity are: operation of turbines at loads other than maximum 
efficiency load; redistribution of heat quantities in the turbine 
due to changes in load; pressure drop; temperature loss; leaks 
in steam lines; banking loss in the boiler room; loss due to burn- 
ing out fires; and numerous unaccounted-for losses. Some of 
these have been considered in Dr. Gaffert’s paper and some have 
not. In consequence, the results given are probably 1000 Btu 
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per kwhr lower than those obtainable from actual plants operat- 
ing on similar cycles. This difference should be borne in mind 
when comparing the paper with actual plant results. 

In a paper, “A Thermal Study of Available Steam-Power- 
Plant Heat Cycles,” presented by S. T. Vesselowsky and the 
writer at the A.S.M.E. meeting held in Chicago, June, 1933, an 
attempt was made to present steam-plant results comparable 
with actual operating data. It was pointed out in that paper 
that for steam plants the regenerative feed-heating cycle without 
reheat is probably best suited to ordinary conditions where a 
relatively low-capacity use factor is encountered. In base load 
plants and other situations where a high-capacity use factor is 
found, reheating or a binary cycle might be justified. From a 
comparison of Dr. Gaffert’s results with those of Mr. Vesselow- 
sky and the writer it appears that at a given limiting tempera- 
ture the reduction in heat rate available from the use of reheating 
is about 1500 Btu per kwhr. A binary cycle using mercury and 
steam makes possible a further reduction of about 1000 Btu per 
kwhr. This improvement is not immediately available, however, 
but must follow out a slow and costly process of development, 
and in the end the net economic gain is much reduced. In the 
meantime the type of plant which converts chemical energy in 
coal into heat and then into mechanical power is slowly approach- 
ing @ minimum limit in heat rate in the neighborhood of 9000 
Btu per kwhr. This limit, which is now in sight, is imposed by 
the properties of commercial materials available for construction. 

In this situation it is pertinent to mention that no decreases 
in heat rate comparable to those in the past need be expected 
unless radical changes are made in the basic cycle. In the pe- 
riod 1910 to 1930 the minimum heat rate attainable was reduced 
by one-half. With plants now operating at around 12,000 Btu 
per kwhr, the margin for further reduction is small. Only the 
magnitude of the coal bill makes further development practicable. 
Papers such as the present point out the most promising possi- 
bilities in this development. The same magnitude that makes 
such work possible, however, also makes imperative the highest 
accuracy attainable in theoretical comparisons, and this with 
the least possible confusion. Heat rates chargeable to the opera- 
tion of the turbine alone are probably the easiest means of com- 
paring different cycles. Such comparisons, however, are not 
final since they do not give overall performance. For those who 
wish to make quick comparisons with actual plant data, a plant 
heat rate estimated from the computed turbine results may be 
added with little difficulty. The writer believes such a presen- 
tation to be much more convenient for the general reader. 


J.J. Grese.* On the basis of the same boiler efficiencies, the 
performance figures given in Dr. Gaffert’s paper check closely 
the values which were published by Dr. H. H. Dow in 1926. 

Regarding the diphenyloxide or Dowtherm boilers, these units 
do not have to have forced circulation. In fact, the first boiler 
built in 1926 was operated at a heat input of 10,000 Btu per sq ft 
without any circulation difficulties as long as the boiler pressure 
was maintained above 35 lb. It is merely necessary to propor- 
tion the circulation path so that, first, the vapor volume produced 
can be discharged at a reasonable velocity, and, second, this vapor 
has the chance to use its air-lift effect as much as possible. For 
boilers operating at the maximum allowable temperature and high 
capacity, and using a small inventory of Dowtherm, it is natu- 
rally most economical and practical to use forced-circulation boil- 
ers such as illustrated in Fig. 2 of Dr. Gaffert’s paper. 

It might be suggested to Dr. Gaffert that his study be con- 
tinued to include a cycle in which mercury and a second fluid 
other than water be used. A mercury condenser boiler used to 
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vaporize a lower-boiling fluid, such as benzol or alcohol, would 
give a high-pressure vapor requiring little or no superheat for 
efficient expansion in a turbine, and would permit condensation 
at a lower temperature, particularly in the winter when very cold 
condenser water is available, and still not reach enormous vapor 
volumes. Such a fluid would also have the advantage of a higher 
vapor density so that the turbines could operate at a lower speed. 
It would, however, require a larger condenser surface on account 
of the decreased heat-transfer rates. 


Frank O. ELLENwoop.’ Regarding the high-pressure cycle, 
the statement is made that for a throttle pressure of 1200 lb, the 
reheating pressure would lie near 200 lb per sq in., depending on 
the initial temperature of the steam. As a matter of interest to 
engineers who have not investigated the question of the optimum 
reheating pressure, it seems appropriate to mention that the 200-lb 
reheating pressure, as given, would be close to the best one, 
provided the throttle temperature is about 800 F. On the other 
hand, the writer believes that if the throttle temperature were 
1000 F and the throttle pressure were 1200 Ib, the reheat pressure 
would then be closer to 100 lb per sq in., for the best thermal re- 
sults. For the 2500 lb (800 F) throttle steam, the writer agrees 
with the author in selecting a reheat pressure of 500 Ib, as speci- 
fied in Fig. 1. The heat rate of this 2500-lb station is given as 
10,520 Btu per kwhr, which has been checked roughly by the 
writer. This performance, according to the author, is equaled 
by the 1200-lb (1000 F) plant without reheating. Such a result 
implies about 2'/; per cent better performance of the 1000-F 
turbine than that estimated by Carter and Ellenwood.*® 

It is particularly interesting to note that the curves in the 
author’s Fig. 12 that are below the value of 9300 Btu per kwhr, 
represent a region that has seldom, if ever, been entered by the 
performances of the very best of our internal-combustion engines. 


AvurTHors’ CLOSURE 


We are indebted to Mr. Sheldon of the General Electric Com- 
pany for presenting the operating records of the three mercury- 
steam plants now in operation. It seems certain that when this 
binary cycle is used for a base-load station, the availability will 
be as great as in the case of ordinary steam plants. 

Regarding the availability of mercury as a fluid, it is significant 
to note, according to Minerals Yearbook, that a high rate of 
production over a sixteen-year period caused by an increase in 
demand has resulted in an increase in the price per pound. Ad- 
mittedly, the present method of recovery is crude and all mer- 
cury-bearing ore deposits have not been tapped. Mr. Sheldon’s 
figures showing variation in yearly output from 2150 metric tons 
to 5600 metric tons are for world production. If, as indicated in 
the author’s paper, an average world-production rate were taken 
at 3000 metric tons per year, allowing no more mercury than 4 lb 
per kw installed, approximately 1,650,000 kw could be installed 
per year. However, since a considerable percentage of this 
production is absorbed in the chemical industry, the amount 
available for power is at present entirely inadequate to supply 
the annual increase in generating capacity required throughout 
the world. It seems evident, therefore, that the mercury-steam 
cycle must share the increase in load with other methods of 
generation. 

In answer to Prof. A. G. Christie’s remarks relative to the 
per cent of main generator output required for plant auxiliaries, 
the author has listed in Table 2 of this discussion figures based 
upon a study of the various cycles. These figures include power 


7 Prof. of Heat-Power Engineering, Cornell University, Ithaca, 
N. Y. Mem. A.S.M.E. 

8 “The Thermal Performance of the Detroit Turbine Using Steam 
at 1000 F,” Trans. A.S.M.E., FSP-56-8, July, 1934. 
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for preparation of fuel, for driving the boiler feed pumps, hotwell 
pumps, heater drain pumps, mercury or diphenyloxide boiler feed 
pumps in the case of binary cycles, and forced and induced draft 
fans. 


TABLE 2 PER CENT OF MAIN GENERATOR OUTPUT RE- 
QUIRED FOR AUXILIARIES 


Type of cycle Auxiliary power, 


Steam cycle: per cent 


Mercury-vapor-steam cycle: 

200 lb (1020-F) hg 

500 Ib (800-F) steam, 4 pt. extr 
Diphenyloxide-steam cycle: 


210 lb (800 F) diphenyloxide 


* Using multicylinder reciprocating boiler feed pumps. 


The author agrees with A. B. Clark’s comments regarding the 
arrangement of extraction heaters in the feedwater cycle. It 
is undoubtedly true, as mentioned in the author’s paper, that 
it would be more expedient to drain all of the heaters in the high- 
pressure steam cycles back to the deaerating heater to eliminate 
the complicated problem of handling small quantities of drainage 
at high discharge pressures. The balance of increase in fixed 
charges versus the increase in efficiency due to additional extrac- 
tion heaters will determine the optimum number of heaters to 
install in any given cycle. The author’s paper dea't only with the 
thermodynamics of the question inasmuch as available costs on 
high-pressure heaters for extremely high-pressure steam cycles are 
not available. 

Referring to the use of a caustic solution such as potassium 
hydroxide or sodium hydroxide, this cycle has the advantage 
that it can store energy in a chemical form until required. How- 
ever, there appears to date to be no authentic data as to the 
purity of steam leaving such a caustic solution, and in case there 
were even slight traces of caustic the resulting corrosion on the 
turbine plant would become a serious factor in a short time. Dr. 
Koenemann’s cycle, to the author’s knowledge at least, has 
never been put into actual practice. The main difficulty is that 
ammonia at temperatures approaching 800 to 1000 F is entirely 
unstable and a considerable percentage breaks up into the 
constituent gases which are very corrosive. 

G. A. Hendrickson of the Detroit Edison Company points out 
several losses which are ordinarily summed up into the figure 
“operating ratio’’ for a given plant. The author prefers to 
consider auxiliary power, that is power required by all pumps and 
draft equipment as auxiliary power, and then, depending upon 
the type of plant as well as operating staff, to allow a certain 
operating ratio to account for these various losses. This method 
is in constant practice among various capable designing engineers. 
In short, it enables comparisons between cycles to be made 
more readily, but, as pointed out by Mr. Hendrickson, necessi- 
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tates correction for any particular plant to obtain actual day-to- 
day performance. Mr. Hendrickson also states that heat rates 
chargeable to the turbine alone are probably more interesting for 
comparison. In the author’s original paper, heat rates charge- 
able to the turbine for each cycle are stated on each cycle dia- 
gram. A comparison of turbine heat rates for a binary cycle is 
likely to be quite misleading as the per cent of auxiliary power 
varies considerably for various “‘top’’ fluids, being almost twice as 
much in the case of the diphenyloxide-steam cycle as in the 
case of the mercury-steam cycle. 

If it were possible to obtain a high capacity as well as maxi- 
mum allowable temperature without a circulating pump, the 
efficiency of the diphenyloxide-steam cycle could be slightly im- 
proved, as brought out by the remarks of J. J. Grebe of the Dow 
Chemical Company. It is also quite true that were it possible 
to find a fluid with temperature entropy characteristics not un- 
like mercury for use as the “bottom’’ fluid in a binary cycle, the 
overall cycle efficiency could be improved somewhat with con- 
siderable less capital expenditure for extraction equipment. 

Prof. F. O. Ellenwood points out that the best reheat pressure 
is a function of throttle temperature. For lack of space the 
author did not include curves showing this effect, but the author’s 
results are exactly in accord with the statements made by Pro- 
fessor Ellenwood regarding the location of the best reheat pres- 
sure as a function of the throttle pressure. 


A New Theory for the Buckling of 
Thin Cylinders Under Axial 


Compression and Bending’ 


Srewart Way.? This paper is interesting in that it provides 
an explanation of the difference between the buckling loads ob- 
tained in practice for thin cylinders and the values arrived at by 
old theories. 

If there were no initial eccentricities in the cylinder, failure 
would take place with the reaching of the point of elastic in- 
stability. To determine this point, it is not necessary to con- 
sider large deflections. It appears that in the problem at hand 
it is necessary to consider large deflection phenomena only be- 
cause of the assumed presence of initial eccentricities. 

The principle that the final buckling shape will be the same 
as that of one of the components of initial deflection is probably 
quite sound. However, in certain very improbable cases, it is 
conceivable that the final buckling shape would be totally differ- 
ent from the initial shape. I have in mind the case of a strut 
with initial deflection in the form of a full sine wave, which, with 
axial loading, becomes unstable and buckles to the side. 


1 Published as paper AER-56-12, by L. H. Donnell, in the Novem- 
ber, 1934, issue of the A.S.M.E. Transactions. 
2 Westinghouse Research Laboratories, East Pittsburgh, Pa. 


: 
|_| 
| 
Pe 
| 
“Ry 
{ 
| 


FSP-57-7 


Rolling-in of Boiler Tubes 


By F. F. FISHER! ano E. T. COPE,? DETROIT, MICH. 


This paper presents an introductory study of boiler-tube 
rolling and reviews the methods now in common use. It 
points out their limitations and explains and proposes 
specifications for a new method which approximates the 
ideal. Test results are given which show the superiority 
of this new method. A few pertinent details of tube roll- 
ing are also mentioned, including the over-rolling of tubes 
as a source of high stress concentration in the sheet metal 
around the tubes. This high stress concentration may 
be a source of corrosion fatigue. 


INTRODUCTION 


LTHOUGH much has been written about boiler shells and 
A tubes, and riveted and welded joints, apparently nothing 
has been published in English about the method of fasten- 
ing tubes into boiler shells and tube sheets. It is true that test 
methods have been applied for determining the water-tightness 
of these joints, but such tests do not disclose the condition of the 
joint. Manufacturers of rolling tools furnish instruction book- 
lets briefly explaining the use of the tools, yet engineering publica- 
tions printed in English contain no information regarding this 
very important item of boiler design and construction. Al- 
though all other parts of the boiler are designed with great care 
by engineers after careful study of strength of metals, effects of 
temperature, the permissible oxygen and carbon-dioxide con- 
tent of boiler feedwater, etc., the production of the joints be- 
tween the tube ends and the tube sheets or drums has been left 
largely to the ingenuity of the mechanics who assembled the 
structure. It appears, therefore, that the expanded tube joint, 
if its use is to be continued, should be subjected to scientific 
study, its limitations recognized, and an effort made along 
scientific lines to standardize field practice so that all the joints 
in a given boiler may be of maximum strength as determined by 
such investigation. 

The knowledge of what constitutes a satisfactory rolled joint 
is now lacking. Once this knowledge is available and the correct 
procedure for rolling the joint has been established, the produc- 
tion of joints of maximum strength and tightness could be con- 


‘General Foreman of Mechanical Erection, The Detroit Edison 
Company, Detroit, Mich. Mr. Fisher was born near Hempstead, 
N. Y., educated in public and technical schools in England, Ger- 
many, and the United States. He served as shop superintendent, 
erecting engineer, and master mechanic in shops in the Far East, 
South America, and the United States. For the past fifteen and a 
half years he has been connected with the Construction Bureau of 
The Detroit Edison Company. 

* Research Department of The Detroit Edison Company. Mem. 
A.S.M.E. Mr. Cope was graduated in 1907 with the degree of 
B.S. in M.E. from the Towne Scientific School, University of Pennsyl- 
vania, and was granted the degree of M.E. in 1910 by the same univer- 
sity. After graduation he spent three years with the Westinghouse 
Machine Company of Pittsburgh, Pa., and three years as instructor 
in the Engineering College at the University of Michigan. Since 
1913 he has been connected with The Detroit Edison Company, and 
since 1919 in the Research Department. 

Contributed by the Power Division for presentation at the Semi- 
Annual Meeting, Cincinnati, Ohio, June 19 to 21, 1935, of THe 
American Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 


trolled. If the tubes could be machined to fit into carefully 
tooled tube holes, or if the tube ends could be shrink-fitted into 
the holes, the problem would be relatively easy. But liberal 
clearances must be allowed to permit easy introduction of the 
tubes into the holes, particularly in tight places, of which there 
are many in a modern large-capacity boiler. Commercial 
practice and the demand for low-cost production puts precise 
machining out of the question. On the other hand, if the 
differences in diameters between the tubes and tube holes were 
constant to a micrometer tolerance and the tube-wall thickness 
did not vary, the problem of securing uniform joints would be 
relatively simple. Also, if the surfaces of tube and tube hole 
which are to produce the joint were of uniform and standard 
finish, the production of uniformly tight and strong joints would 
not be so difficult. But when joints are to be made between the 
surfaces of tube ends and tube holes in which the clearance may 
have any value from ten-thousandths to sixty-thousandths of an 
inch in a bank of tubes, where the tube holes are reamed to com- 
mercial finish yet the tubes are covered with mill scale or are 
indifferently cleaned, one should not be surprised if a consider- 
able percentage of the joints shows leaks when the assembled 
structure is subjected to a hydrostatic-pressure test. Neither 
should one be surprised if the rerolling operation causes leaks in 
joints accepted on the first hydrostatic test, nor that such 
joints fail after a comparatively short period of service. 

The production of a joint by expanding a tube into a 
tube hole entails the execution of two distinct phases of the 
rolling-in operation. ‘The first consists of stretching the tube wall 
until there is contact between the outside surface of the tube and 
the inside surface of the tube hole. A joint does not begin to 
exist until this contact has occurred. As already noted, the 
difference in diameter of the tube and the tube hole is by no 
means constant in any group of prospective joints. Therefore, 
the amount of expanding of the tube necessary to produce contact 
between tube wall and tube hole may vary widely from tube to 
tube. Consequently, this fact must be taken into account when 
producing a joint. The second phase of the rolling-in operation 
consists of giving the tube wall further permanent stretch, thus 
pressing the outside surface of the tube against the inside surface 
of the tube hole. This pressure alone is the source of fluid tight- 
ness in the joint. Also this pressure, coupled with the friction 
between the two metal surfaces, is the source of the strength of the 
joint which holds the tube in the tube hole when pressure is ap- 
plied within the boiler. Since the pressure between the two sur- 
faces is the only variable in any given case entirely within the 
control of the mechanic doing the assembling, it might be at once 
concluded that the greater the expansion the better the joint. 
That this is not true has been demonstrated by tests which show 
that both the tube wall and the metal surrounding the tube hole 
are subjected to severe cold working when excessive expansion is 
practiced. When a tube must be replaced in a tube hole which 
has been heavily over-expanded, the hole is badly distorted and 
should be rereamed to true it up and to remove the metal which 
was overstressed at the previous rolling. 

The formation of an ideal joint by rolling-in requires: 

1 A device for expanding the tube so that it is cylindrical at 
all times during the rolling-in operation. 

2 A means by which the completion of the first phase of the 
rolling-in will be indicated definitely. This anticipates a me- 
chanical, a magnetic, or an electrical device for positively indicat- 
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ing the establishment of a firm contact between the outside sur- 
face of the tube and the inside surface of the tube hole. 

3 A means for indicating the amount of deformation of the 
metal surrounding the tube hole. This metal should not be 
stressed beyond its elastic limit. 


A method of tube expanding based on these requirements 
should produce fluid-tight joints which show the optimum 
strength to resist destruction when subjected to fluid pressure. 
Furthermore, it has been well established that corrosion fatigue 
occurs at points of high stress concentration. The metal of 
tubes and tube sheet surrounding the holes in boilers in which the 
tubes have been heavily over-rolled should be an ideal point for 
the beginning of this form of failure. 

This paper presents the results of a study of the expanding of 
boiler tubes and proposes a method which, over a five-year period, 
has produced uniform joints of optimum strength. In this 
method the severe cold working of the tube and drum metal, be- 
cause of excessive expanding of the tubes, has been either avoided 
entirely or reduced to a minimum. 


CoNVENTIONAL MeEtHops OF TUBE EXPANDING 


Three methods of tube expanding are generally accepted. 
These are the tube-bulge method, the uniform-expander-entrance 
method, and the measured-energy-input method. These will be 
reviewed briefly and their limitations pointed out. In the tube- 
bulge method, a few tubes in a bank, used as samples, are ex- 
panded until their outside diameters are increased a definite 
amount ('/2 in. usually) over the nominal tube-hole diameter. 
This measurement is made immediately next to the tube sheet or 
drum on the gas side in a water-tube boiler and the water side in a 
fire-tube boiler. The amount of tube bulge is measured by a 
gage of fixed opening. The expanding or rolling operation is 
carried out until this outside gage fits the bulge of the tube. 
After the operator gets the “feel” of rolling-in these samples, he 
proceeds to roll-in the remainder without measurement. 

In the second method of tube expanding, the tool is entered a 
fixed distance into all the tubes ina given bank. This distance is 
determined by trial on a few tubes and the stop is set. In the 
uniform-energy-input method all joints are rolled-in with a con- 
sumption of a given amount of energy expressed in watthours or 
horsepower-hours. 

In these methods of tube expansion there is no way of knowing 
definitely when the tube surface contacts the tube hole. Also, 
there is no way of knowing how much the tube is expanded after 
contact occurs. 


TABLE 1 OF GROUPS OF TUBES 


D TUBE HO 


Nominal tube size, in. ............ 
Minimum outside tube diam, in.... . 
Maximum outside tube diam, in. .. . 
Minimum wall thickness, in. ...... 
Maximum wall thickness, in. ...... 
Nominal tube-hole diam, in. ...... 
Minimum tube-hole diam, in. ..... 
Maximum tube-hole diam, in. ..... 


Measurements made on five groups of tubes and tube holes re- 
vealed the values given in Table 1. The customary allowance of 
1/3 in. for tube bulge would result in a wide variation in the 
actual amount of expansion in the cases of the minimum and 
maximum sizes of the tube holes shown. The holes of minimum 
diameter might be over-expanded. The tube-bulge method of 
expansion, therefore, does not meet the second and third require- 
ments of the ideal expansion method. If, on the other hand, 
these joints had been assembled by the uniform-expander- 
entrance method, in which no exact account is taken of the 
variation in clearance between tube and hole, and no allowance is 
made for the variation in tube-wall thickness, it is obvious that 
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the resulting joints would not have been expanded uniformly. 
If by chance, resulting from random choice of tubes, the smallest 
tube having the thinnest wall had been expanded into the largest 
hole, the resulting joint would have been very different from the 
one resulting from expanding the largest tube having the thickest 
wall into the smallest hole. In the first case the tube might have 
been expanded only enough to contact the tube hole, whereas in 
the second case the joint would have been heavily over-expanded, 
resulting in severe cold working of the metal of tubes and tube 
sheet and the setting up of points of very high stress concentra- 
tion. This second method also falls short of meeting the re- 
quirements of the ideal method of tube expanding. 

In the uniform-energy-input method no account is taken of 
the influence of differences in tensile strength of the metal of the 
tubes and sheets, differences in clearance between tube and tube 
hole, nor the condition of the rolling tool. When the self-feeding 
expander is used, the power required to flare the tube is at maxi- 
mum at the same instant as that required for completing the 
rolling-in operation of the joint itself. The flare does not con- 
stitute an essential portion of the joint, as will be shown later, and 
the energy required to complete the flare cannot be separated 
from the total. This method also falls far short of meeting the 
requirements of the ideal joint. 

The consequence of using an uncontrolled method of expansion 
is shown by the results obtained in the erection of a boiler under 
the authors’ observation. The tubes in this boiler were expanded 
by one conventional method. The mechanics who did the work 
were experienced and careful. Fig. 1 shows graphically the 
results of the rolling-in and testing of the joints. It is to be 
noted particularly that the second rolling-in both drums produced 
a greater number of leaks than it was sought to remedy. ‘These 
leaks were not necessarily in the same joints. The third rolling 
left the mud-drum joints in scarcely better condition than did the 
first rolling. The results on both drums indicate that the use 
of one conventional method of tube rolling with the lack of 
knowledge of the separate operations involved leads only to im- 
perfectly rolled and probably badly over-rolled tubes and conse- 
quently permanently deformed tube and tube-sheet metal in 
which there are points of high stress concentration with conse- 
quent predisposition to corrosion fatigue. 

The shape of the entering ends of the expanding-tool rollers is « 
matter of considerable importance. Since the metal on the 
inside of the tube wall is cold worked, it is of the highest impor- 
tance that this cold working should take place with the least 
possible disturbance of the metal surface. If the entering ends 
of the rolls are not sufficiently rounded they leave a sharp shoulder 
at the inner end of the rolled portion. This produces an ideal 
starting point for cracks or corrosion, as shown by numerous 
tube failures which have been investigated. With self-feeding 
expanders, especially when used for rolling-in tubes into thick 
sheets (such as 1!/, in. and upward), the metal on the inside of 
the tube is plowed up by one roller and then rolled down by the 
succeeding ones. This leaves a spiral mark on the inside of the 
tube. It is usually not noticeable upon casual inspection, yet 
constitutes an excellent starting point for corrosion. To correct 
this condition the boiler erectors in the authors’ company have 
ground the entering ends of the rollers of their expanders to a five- 
inch radius. A certain amount of coid working takes place, but 
instead of the metal being plowed into a sharp crest it is moved 
ahead of the rollers in the form of a gentle undulation. No 
roller scars are visible on the inside surface of the tubes. 


Tue ELvonaation Meruop or Tuse Rouiine 


The elongation method of tube rolling, as developed by the 
company with which the authors are associated, more nearly fills 
the specifications for an ideal method than does any one of the 


other methods noted. In this method advantage is taken of the 
fact that the tube is loose in the tube hole until the first phase of 
the rolling-in is completed. It further takes advantage of the 
fact that during the expanding operation the wall of the tube with- 
in the tube sheet is thinned. The metal is squeezed between the 
expanding tool and the surface of the tube hole and is forced to 
flow axially. This moves the tube axially a measurable amount, 
which is a function of the degree of the expansion. The only 
extra tool required by this method is a dial indicator fitted with 
the proper-size clamp, so that the indicator may be readily at- 
tached to the tubes. The tube is inserted into its tube hole and 
manually held in place. The dial indicator is attached as shown 
in Fig. 2. The clamp extends half way around the tube and 


Fic. 2) INpIcaTorR ATTACHED TO A TUBE 


bears at three points to prevent rocking. The end of the shaft 
of the dial indicator rests on the tube sheet or drum. The 
expanding operation proceeds, using a ‘‘parallel’’ expanding tool. 
During the first phase the needle of the dial indicator vibrates 
until the tube has been stretched into circumferential contact 
with the tube hole. At the instant of this contact the needle 
comes to rest, indicating that the first phase has been com- 
pleted, and item two of the ideal method of expanding has been 
met. Continued expansion further stretches the tube wall into 
firmer contact with the hole and squeezes it so that axial flow oc- 
curs. This axial flow causes movement of the dial-indicator 
needle. The amount of movement of the needle necessary to 
produce the best joint has been established by tests which will be 
described later. 


TABLE 2 DIMENSIONS AND CHANGE IN DIMENSIONS 
OF FOUR TUBES — DEGREES 
OF ROLLING? 


——Before expanding——~ After expanding———-— 
Outside Inside Wall Outside Inside Wall Elonga- 
diam diam __ thickness diam diam thickness tion 
3.996 3.580 0.208 4.010 3.608 0.201 0.010 
3.990 3.578 0.206 4.031 3.630 0.196 0.020 
4.008 3.586 0.211 4.036 3.642 0.197 0.030 
3.995 3.575 0.210 4.031 3.645 0.193 0.040 


@ All dimensions in inches. 


The dimensions and change in dimensions of four tubes of a 
given size, with different degrees of rolling, are given in Table 2. 
The tube dimensions were taken during a test conducted in 
connection with the elongation method of tube expanding. 
These tubes were cleaned, using a mechanical tube-end cleaner 
having carborundum cutters of 120-grit grade H. In place of a 
regular tube sheet, blocks of boiler plate 10 in. square, 2'/, in. 
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thick, and with one reamed tube hole each, were used. Three 
tubes were expanded to each of several elongations (axial move- 
ment caused by the rolling-in operation), all without flare. Each 
tube assembly was then subjected to hydrostatic pressure until 
the joint broke and the tube was forced out of the hole. Mea- 
surements of the tube diameters and wall thickness were made 
before expanding and after the assembled tube and block had 
been separated. 


TABLE 3 CHANGES IN DIMENSIONS DURING EXPANDING 
OPERATION OF THE FOUR TUBES LISTED IN TABLE 2 


Outside diam Wall thickness 
increase, in. decrease, in. 


Inside diam 


Elongation, ] 
in. increase, in. 


TABLE 4 ASSEMBLIES OF TUBES AND TUBE SHEETS 
FOR WHICH HOLDING STRENGTH HAS BEEN DETER- 
MINED 
Nominal outside diam, Nominal wall thickness, Plate thickness, 
in. gage in. 
1.25 
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During the expanding operation, the changes given in Table 3 
occurred. Even though the changes in outside and inside diame- 
ter of the tube rolled to 0.020-in. elongation were not consistent 


with the others in the schedule, the decrease in wall thickness and 
the axial movement were consistent. 

It is evident from Table 3 that the elongation of the tube and 
the decrease in wall thickness are related. It remained only to 
establish experimentally the values of the relationship in terms of 
strength and water-tightness of the joints produced. The experi- 
mental determination of the relationship between elongation 
and the strength of the joint to resist destruction by hydrostatic 
pressure, called “holding strength,” has been found for the 
assemblies of tubes and tube sheets listed in Table 4. 


Test ProcEDURE AND RESULTS 


Sample joints were produced by expanding short lengths (usu- 
ally 15-in. long) of boiler tube into blocks of boiler plate of the 
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thickness indicated in Table 4. Each block of plate had one 
reamed hole of nominal diameter, finished in the same manner as 
the tube holes in a boiler drum. The tube samples were usually 
cut from a single length of tube. One end of each sample was 
closed by welding in a steel disk. The outside surface of the 
open end was cleaned of scale and other foreign matter by using a 
mechanical tube cleaner having carborundum cutters of 120- 
grit grade H. The 3'/,in. and one group of 4-in. tubes were 
given a supplementary rubbing with No. 1 carborundum cloth. 
Expanding was done by the use of an air-driven “parallel” ex- 
pander without flaring rolls. The taper of the rolls was '/, in. 
per ft, and that of the mandrel '/; in. per ft, and the feed angle 
of the rolls was 1'/, deg. Dimensions of tubes and tube holes 
were measured, using appropriate micrometers, both before 
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expanding and after the tubes had been forced from the tube 
holes. Three joints were made for each of the combinations for 
each of several elongations (usually 0.010 in., 0.020 in., 0.030 in., 
and 0.040 in.). For instance, there were 12 joints made using 
2-in., 8-gage tubes in 1'/,-in. plate, 12 joints using 2-in., 11-gage 
tubes in 1'/-in. plate, etc. Each tube-hole plate was drilled 
so that a blank flange could be bolted to it. This blank flange 
carried the necessary connections for the introduction of hydro- 
static pressure within the tube. Elongation during expanding 
was indicated by the dial indicator shown in Fig. 2. 
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The results of these tests are shown on Figs. 3 to 10, inclusive. 
In these figures the holding strength is expressed in pounds per 
square inch hydrostatic pressure necessary to cause failure of the 
joint at room temperature. Failure occurs when the tube slips 
in the tube hole. The values of holding strength shown on Figs. 
3, 4, 8, and 9 are somewhat scattered for each elongation owing 
doubtless to the fact that the tube surfaces were finished exactly 
as are those in a boiler. The values are probably such as would 
be obtained in actual practice. The values shown in Figs. 5, 6, 7, 
and 10 are not so scattered, doubtless because of the fact that the 
ends of these tubes were somewhat smoothed with No. 1 car- 
borundum cloth after mechanical cleaning. The clearance 
(difference in diameters) between the tube and the tube hole 
is shown by the width of the band between the two curves, 
“Initial Diameter of Hole” and “Initial OD of Tube.” In some 
cases this band is of almost uniform width, whereas in others, nota- 
bly Figs. 5 and 6, the width varies considerably. The tube-wall 
thickness decreases at a relatively uniform rate with increase in 
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elongation, as would be expected, whereas the increase in tube- 
hole diameter does not follow the increase in elongation. This 
condition might be expected if the tubes were made from much 
softer steel than were the tube sheets. In the cases of the tubes 
and tube sheets represented by Figs. 3, 4, 8, and 9, in which the 
Rockwell hardness numbers of tubes and tube sheets were ob- 
tained, in all instances the tubes were harder, consequently of 
higher tensile strength than the plates. 

The tubes in several boilers have been expanded using the 
elongation method and the results have been highly satisfactory. 
Among these are the following: / 


1 Boiler No. 14, Trenton Channel power plant, operating at 
400 lb per sq in. There were no leaks, but only small beads of 
water appeared on some joints. A light reexpanding of the 
joints on one drum was carried out and the boiler was passed. 

2 Two boilers at the Ford Motor Company, Dearborn, Mich., 
operating at 1425 lb per sq in. The erector expanded the tubes 
in the same manner as were those at the Trenton Channel power 
plant. The tubes on the first boiler were expanded to 0.020-in. 
elongation. It was found necessary to reexpand a small portion 
of the tubes in order to pass the hydrostatic test. In the second 
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boiler, the tubes were all expanded to 0.025-in. elongation, and 
were passed on the first inspection without exception. 

3 Two boilers at the Springwells Plant of the Detroit Board of 
Water Commissioners operating at 400 lb per sq in. Elongation 
failed to show on the first few tubes expanded. An investigation 
disclosed the fact that some of the tube holes were tapered. This 
condition was corrected and the tubes were then expanded to 
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0.016-in. elongation. The hydrostatic test showed 25 slight leaks 
among 532 tubes (1064 joints). These were corrected by light 
reexpanding. By either of the conventional methods this condi- 
tion of tapered holes would probably not have been discovered 
and serious trouble might have developed. 


OTHER CONSIDERATIONS 


There are several other related matters in the expansion of 
boiler tubes which should be given consideration. These are dis- 
cussed briefly as follows: 

1 Effect of the Condition of Finish of Surfaces of Tube and Tube 
Hole on Tightness and Holding Strength. When joints of any group 
are rolled-in to uniform elongation, the tightness and holding 
strength will depend largely on the finish of the surfaces which 
are forced into contact. It is obvious that a threaded joint 
between tube and sheet would produce a holding strength equal 
to the tensile strength of the net area at the root of the thread. 
This may be regarded as the strongest type of mechanically 
assembled joint. The minimum value of holding strength might 
be developed if the surfaces were polished. Logically, the 
holding strength of a joint in which the tube surfaces had been 
cleaned, using a mechanical tube cleaner equipped with car- 
borundum cutters of 120-grit grade H, would fall between the 
maximum and minimum values suggested above. The strength 
of the threaded joint can be calculated if the form of thé thread 
is known. The holding strengths of the joints in which the sur- 
face of the tubes had been polished and those in which the tube 
surface had been cleaned using a mechanical tube cleaner, were 
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determined by hydrostatic test. In both cases the tube holes 
were smooth bored. ‘The outside diameter of the tube was 3.996 
in., the inside diameter was 3.580 in., it had a hardness of 70 Rock- 
well B (124 Brinell), and an approximate tensile strength of 
60,000 lb per sq in. Tests on joints showed an average holding 
strength to be 2033 lb per sq in. for the one having polished tube 
ends and a holding strength of 3700 Ib per sq in. for those joints 
in which the tube ends were cleaned by a mechanical tube cleaner. 
The calculated strength of a threaded joint (25 threads per in.) 
between this size tube and a tube sheet 2'/, in. thick is 118,800 |b. 
The total strength of the polished-tube joint was 27,600 lb, and 
that of the tube of standard finish used in the authors’ company 
was 46,500 Ib. It is probable that a machined tube rolled into a 
roughened hole would show the same holding strength as the 
roughened tube rolled into a machine-finished tube hole. It is 
evident from these figures that the condition of the two surfaces is 
a factor of first importance in the production of joints of high 
holding strength. It must be concluded that attention to the 
cleaning of tube ends is an important factor in the production of 
joints of uniform strength. 

2 The Effect of Hardness of Tube and Sheet Metal on Strength 
and Tightness of Joints. Enough data have not been collected to 
warrant any conclusions in this matter. It merits some study 
and research. 

3 The Effect of Grooves in the Tube Hole. Grooved tube holes 
have been used in an effort to improve the tightness and holding 
strength of rolled-tube joints. There are, however, few test 
data available to show the amount of improvement. resulting 
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from this expedient. A. Thum and W. Ruttmann in their 
“Mitteilungen Nr. 45 der Vereinigung der Grosskesselbesitzer”’ 
(Dec., 1933) note in their summary under item 6: ‘The yield 
limit (due to a repeated bending movement) can be improved 50 
per cerit by a groove.” Experimental results to establish this 
statement were not shown. Further investigation of this 
matter should be made, taking into account the depth, width, 
and shape of the groove or grooves and their location in the tube 
hole. 

4 The Function of the Bulge and Flare. The opinion is held by 
boiler men that the tightness and strength of the joint depends in 
part on the bulge and the flare made during the expanding opera- 
tion. It is true that the flare will prevent the tube from slipping 
out of the tube hole. When the tube is rolled-in, the backing 
out of the expander pushes the flare a few thousandths of an inch 
away from the tube sheet so that the flare does not contribute to 
the tightness or holding strength of the joint. Also, in many 
cases the flare is not correctly rolled and its effect on holding 
strength is therefore doubtful. In the case of flat tube sheets, 
the initial expanding of both bulge and flare will produce contact 
completely around the tube. On the other hand, in joints ex- 
panded into curved tube sheets excessive work on the flare is 
necessary to produce contact all around the tube. This produces 
a rounded edge in the tube hole which makes very difficult the 
refitting of a new tube in case of replacement. The flare does 
perform an important function in providing a smooth entrance 
to the tube which reduces the resistance to flow. 

5 Effect of Lengthening the Tubes Caused by Rolling-in. The 
tests which established the elongation method of rolling-in tubes, 
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showed that the tube is lengthened a measurable amount by the 
rolling operation. The more heavily the tube joint is rolled-in, 
the greater the lengthening of the tube. If adjacent tubes in a 

rum or tube sheet are rolled-in to different elongations, the 
difference in lengthening sets up considerable thrust on the tube 
which has been rolled the least, or compression on the tube 
which has been rolled the most. This compression may lead to 
the bowing of the more heavily rolled-in tube with the possibility 
of failure because of interference. If it were possible to roll-in 
all the tubes of a given bank or bundle simultaneously and equally, 
there would be no difference in lengthening of adjacent tubes. 
But at present tubes are rolled-in one at atime. The elongation 
given each tube except the first, imposes a thrust on all tubes that 
have been previously rolled-in. The presence of accumulation of 
thrust is especially evident in straight ‘‘tack tubes.” That this is 
true is shown by the failure of tack-tube joints during assembling 
of the boiler, and perhaps more frequent failure after the boiler 
has been in service for some time. The actual value of this 
axial loading is a difficult matter to calculate, because of the 
shapes and arrangements of the tubes in any given boiler. An 
approximation has been made, however, by actually weighing the 
axial thrust during the rolling-in operation. This was carried out 
by having the free end of a short tube, which was being rolled 
into a 10-in. square plate, exert its axial thrust against the ram on 
a hydraulic jack. The base of the jack and the plate were 
rigidly joined together. The hydrostatic pressure shown by the 
gage on the jack was multiplied by the area of the jack plunger 
to give the value of the thrust. While this test is not presumed 
to reproduce the conditions occurring during the erection of a 
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boiler, yet it does indicate the possible magnitude of the thrust. 
Fig. 11 shows the results obtained in one of the tests described. 
The accumulation of thrust, if not controlled, often results in 
the bulging of the tube sheets, the raising of steam drums off their 
supports during erection or even the rupture of tubes. Control of 
cumulative thrust applied to boilers having drums may be 
effected by either of two procedures. In both cases tack tubes are 
installed first. They are fully rolled-in at one end and partly 
rolled-in at the other. Next, the remaining tubes are fully rolled- 
in at one (usually the upper) end and partly rolled in (usually to 
0.005-in. elongation) at the other end. In the first procedure, 
the partly rolled-in ends are then fully rolled-in proceeding along 
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the length of the drum. In the second procedure, tack tubes are 
rolled-in as in the first procedure. All remaining tubes are fully 
rolled-in at one end (usually the upper end), the remaining joints 
are then rolled-in, starting at the middle of the length of the bank 
and rolling tubes to full elongation toward the ends of the bank. 
This divides the amount of accumulated elongation and the 
consequent thrust in half. In long banks, the rolling-in of the 
remaining tubes is carried out by dividing the length of the bank 
into four parts and rolling the tubes in each fourth of the length 
separately. Any of these methods reduces the amount of ac- 
cumulated thrust and makes less likely the failure of the joints 
from this cause. 

A few tests were made to determine the characteristics of the 
expanding tool. These tests were conducted by rolling-in 
3!/,in., 7-gage tubes into 2/;.-in. plate. The feed angle was 
changed for the different tests and a record made of the revolu- 
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TABLE 5 CHARACTERISTICS OF THE EXPANDING TOOL 
Feed angle of expander, No. of revolutions of Time to roll—joint, 
deg. sec. 


expander head 
1 183/, 150 
173/4 110 
90 
2 12 60 


tions of the head of the tool and the time in seconds to complete 
the joint. The results are given in Table 5. 


CONCLUSIONS 


This paper presents the results of an elementary study of the 
fundamentals of rolling-in boiler tubes. From these results the 
following conclusions have been drawn: 

1 The rolling-in of boiler tubes may be broken down into two 
separate phases; in the first the tube is enlarged until it fits the 
tube hole; in the second the tube is further expanded into tight 
contact with the wall of the tube hole. Definite control of these 
two phases of the operation is necessary if the rolling-in is to 
produce joints of maximum strength and tightness. 

2 In the usual methods of rolling-in tubes the two phases are 
not controlled with the result that uniformity of strength and 
tightness of joints cannot be assured. Records of such rolled-in 
joints show that some are under-rolled and others are over-rolled. 
Over-rolling of joints results in heavy cold-working of the metal 
of the tube and of that surrounding the tube hole, thus setting 
up points of high-stress concentration with predisposition to 
corrosion fatigue. 

3 In the “Elongation” method of tube rolling, the two phases 
of the rolling-in operation are definitely controlled by the use of a 
dial indicator clamped to the tube being rolled-in. The relation- 
ship between elongation and holding strength has been investi- 
gated experimentally, using several tube sizes and sheet thick- 
nesses. It appears that the most satisfactory joint is produced 
when the elongation is about 0.020 in. 

4 There are several other matters in the tube-rolling problem 
which merit investigation. Some of these are: (a) The effect of 
the condition of finish of the surfaces to be forced together in 
rolling-in a joint. (b) The effect of the relative hardness of 
tube and tube sheet on the tightness and holding strength of the 
joint. (c) The effect of grooves in the tube hole on holding 
strength and rigidity of the joint. 

In this paper little has been said about the tool used for rolling- 
in the joint. This tool, like most others, has been the result 
of growth over a period of years. There does seem to be a need 
for some further development in the tools ordinarily used. In the 
work done in Germany for the Association of Owners of Large 
Boilers, A. Thum and W. Ruttmann, the investigators, lay great 
stress on the effect of rate at which the joint is formed. This 
rate is a function of rate of feed of the tool and the number of 
revolutions of the tool to form the joint. They have merely 
touched on this matter and state that it should be studied further. 
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Steam-Turbine Leaving Losses and Vacuum 
Corrections 


By LINN HELANDER,! MANHATTAN, KAN. 


Based upon the discussion of steam flow through non- 
divergent nozzles with oblique exit faces in “‘Die Dampf- 
turbinen,”’ by Gustav Flugel,? this paper presents a pro- 
cedure wherewith steam-turbine vacuum corrections may 
be calculated with a fair degree of accuracy when the design 
characteristics of the last row of blades and one set of water 
rates for specified steam conditions and loads are known. 
The procedure outlined is designed primarily for consult- 
ing engineers and power engineers, not for the turbine 
engineer. On that account certain simplifying assump- 
tions have been introduced. These simplifying assump- 
tions, although perhaps not acceptable where precise re- 
sults are required, will be found satisfactory for the pur- 
poses for which the formulas presented herein have been 
developed. A comprehensive sample calculation is used 
to exemplify the procedure outlined. 

In addition to a procedure for evaluating vacuum cor- 
rections, the paper presents simple formulas for evaluating 
small increments of isentropic heat drop when the expand- 
ing steam is saturated. These formulas give evaluations 
of small increments of heat drop more accurately than 


HE procedure herein proposed for calculating leaving losses 
[ena vacuum corrections is based on Fliigel’s discussion of 

the flow of steam in nozzles with exit faces not at right 
angles to the nozzle axis.?_ According to Fliigel’s analysis, where 
steam flows through a non-divergent nozzle with an oblique 
exit face, the velocity of the steam relative to the nozzle at the 
exit will be directed along the axis of the nozzle so long as the 
critical velocity is not exceeded; but when the critical velocity 
is exceeded, the steam leaving the nozzle will be directed, relative 
to the nozzle, along a line that makes an angle 6 with the nozzle 
axis. Where the pressure in the exhaust chamber does not fall 
below a certain value P,,, defined as the minimum pressure at- 
tainable at the exit boundary of the nozzle, the magnitude of 6 
can be determined from the continuity equation wherein M = 
F, sin(a + 5) V,,/v sina. In this equation, M is the mass 
velocity of the steam in the nozzle, lb per sec; F, is the cross- 
sectional area of the nozzle at the exit face measured at right 


‘Head of the Department of Mechanical Engineering, Kansas 
State College of Agriculture and Applied Science, Manhattan, Kan. 
Professor Helander was graduated from the University of Illinois in 
1915 with the degree of B.S. in mechanical engineering. Since that 
time he has worked as steam engineer for the Pittsburgh Crucible 
Steel Company, Midland, Pa.; as general engineer on steam appara- 
tus for the Westinghouse Company, East Pittsburgh and South 
Philadelphia, Pa.; as a senior engineer for the U.G.I. Contracting 
Company and the United Engineers and Constructors, Philadelphia, 
Pa.; and as a consultant. Since 1931 he has been engaged in re- 
search and teaching. 

._ Dampfturbinen,” by Gustav Fligel, J. A. Barth, Leipzig, 

Contributed by the Power Division for presentation at the Semi- 
Annual Meeting, Cincinnati, Ohio, June 19 to 21, 1935, of THE 
AMERICAN Society or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1935, for publication at a later date. 

OTE: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society, 


they can be read from ordinary steam charts and may be 
solved with little if any more labor than is used in read- 
ing charts. 

Certain formulas are also presented which evaluate 
the mass rate of steam flow through a blade or nozzle 
when the critical velocity is reached therein, the mass rate 
of steam flow through a nozzle or blade when the terminal 
nozzle or blade pressure is the minimum attainable (that 
is, when the exhaust-chamber pressure is at or below that 
corresponding to the limiting vacuum), the rate of change 
of interna! shaft work with a change in the exhaust- 
chamber vacuum temperature for expansions beyond the 
critical pressure, and the approximate rate of change of 
internal shaft work with vacuum temperature when the 
terminal blade pressure is above the critical pressure. Ap- 
proximate formulas are given which express the specific 
volume and latent heat of dry saturated steam in terms of 
the temperature of the steam. These formulas have been 
developed for use where the exhaust steam is saturated 
and where, in addition, the temperature of the exhaust 
steam does not exceed approximately 140 F. 


angles to the axis of the nozzle, sq ft; ais the angle that the nozzle 
axis makes with the plane of the exit face; V,, is the velocity of 
the steam measured relative to the nozzle at the exit face, ft per 


Fic. 1 Expansion or STeAM BreyYonp CRITICAL PRESSURE IN A 

Non-DrverGent Nozzte. WHEN EXpaNsION ProceEps BEYOND 

THE CRITICAL PRESSURE THE RELATIVE LEAVING VELocITy V,, Is 
Der.ectep From THE Axis AN AMouNT 6 


sec; and » is the specific volume of the steam at the exit face; 
see Fig. 1. 

The last row of blades of a turbine may be treated as non- 
divergent nozzles. Then F,/sin a becomes the free area of the 
annulus of the last row of blades, V,, becomes the exit steam ve- 
locity relative to the blades, » becomes the specific volume of the 
steam leaving the blades, M becomes the total mass rate of steam 
flow through the last row of blades, a becomes the blade angle of 
the last row of blades, sin a becomes the gaging of the last row 
of blades, and (a + 4) becomes the efflux angle of the last row of 
blades, i.e., the angle that the relative leaving velocity makes with 
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the plane of the exit face. Herein, the efflux angle will be denoted 
by 8. When the exhaust-chamber pressure falls below the value 
P,,, defined above, the circumferential component of the relative 
exit velocity, in accordance with Fliigel’s discussion, remains 
constant as the exhaust-chamber pressure is reduced, and, since 
the magnitude of this component determines the magnitude of 
the turning torque on the blades, the turning torque on the blades 
likewise remains constant under this condition. Consequently, 
reducing the exhaust-chamber pressure, when it is already at or 
below the value P,,, has no effect upon the economy of the tur- 
bine. The pressure P,, therefore constitutes the true limiting 
pressure and the corresponding vacuum constitutes the true 
limiting vacuum. 

In accordance with the interpretations of Fliigel’s discussion 
given in the preceding paragraph, the following procedure is 
suggested for evaluating leaving losses: 

(a) Where the critical velocity is not exceeded in the last row of 
blades, assume the efflux angle and the blade angle to be identical. 

(b) Where the critical velocity is exceeded in the last row 
of blades, calculate the magnitude of the efflux angle by means of 
the continuity equation. 

In order to employ the continuity equation for evaluating the 
efflux angle when the critical velocity is exceeded, the relative 
leaving velocity must be known. To obtain this, the following 
procedure is suggested: 

(a) From known exhaust conditions, employing curves and 
formulas presented herein, determine the critical pressure, the 
quality of the steam at the critical pressure and the relative velo- 
city at the critical pressure, the latter being directed along the 
blade axis. 

(b) Having determined the critical pressure and the quality 
at the critical pressure, determine the isentropic heat drop from 
the critical pressure to the blade-terminal pressure, i.e., to the 
exhaust-chamber pressure if the latter is not below P,,, otherwise 
to P,,, and therefrom, knowing the efficiency of incremental 
energy conversion in the last row of blades, the actual heat drop 
from the critical pressure to the terminal-blade pressure. 

(c) Having determined the relative velocity at the critical 
pressure and the actual heat drop from the critical pressure to 
the blade terminal pressure, calculate the relative exit velocity 
using the formula 

Vio = V(2gJH’ + V*,.) 
where H’ is the actual heat drop from the critical pressure to 
the blade terminal pressure, V,, is the relative velocity at the 
critical pressure, and V,, is the relative exit velocity. 

The following procedure is suggested for evaluating vacuum 
corrections: Assuming that the steam rate of the turbine is 
known for a specified vacuum, calculate the leaving losses im- 
plicit in this steam rate. Add these losses, expressed in Btu, to 
the internal work done per pound of steam as evaluated from the 
known steam rate, the mechanical efficiency of the turbine, and 
the generator efficiency. The result will be the gross internal 
conversion of heat energy into mechanical energy, including in 
the latter the kinetic energy of the steam. For convenience, 
designate this quantity by H’;. Deduct H’; from the heat con- 
tent of the steam as it enters the turbine in order to find the heat 
content of the steam as it leaves the last row of blades. From 
the heat content so evaluated, determine the quality of the steam 
leaving the last row of blades. Therefrom, knowing the nozzle 
efficiency of incremental energy conversion in the last row of 
blades and making use of formulas given herein, determine the 
actual increase in heat drop that will occur when the vacuum is 
increased to its new value. Add this increase of actual heat drop 
o H’, and deduct from the result the leaving losses evaluated for 
the new vacuum. From the result so obtained, knowing the ef- 


ficiency of the generator and the mechanical efficiency of the 
turbine, the new steam rate can be determined and therefrom 
the vacuum correction evaluated. When the exhaust pressure 
is below the critical pressure, determining the critical pressure 
and the state of the steam at the critical pressure is one part of 
the above procedure. That the entire procedure is not difficult, 
will be seen from the following example which illustrates the 
manner in which vacuum corrections may be evaluated. 


CALCULATION OF VACUUM CORRECTIONS 


The itemized steps of the following example illustrate the 
method of calculating for vacuum corrections when, as in Case 
1, the critical velocity is not exceeded in the last row of blades, 
and when, as in Case 2, the critical velocity is exceeded in the last 
row of blades. In both cases, the problem is to determine the 
steam rate at a vacuum of 29 in. hg when the steam rate is given 
for a vacuum of 28'/, in. hg. The symbols used in the problem 
are those tabulated in the nomenclature while the formulas re- 
ferred to are found in Appendix A. 


Case 2 
123,000 


Case 1 

Steam flow through last row of blades, lb per hr. 53,000 
Dry steam nozzle efficiency, E’n, of incremental 
energy conversion in last row of blades, per cent. 

Assumed for this problem but should be ob- 

tained from manufacturer 

Gaging = sin a of last row of blades. Should be 
obtained from manufacturer 

Fb = spouting area of last row of blades = free 
area of annulus of last row of blades multiplied 
by sin a, sq ft. To be obtained from manufac- 

turer. . 

Steam. rate, lb per ‘kwhr, with vacuum 28)/2 in. 

hg. To be obtained from manufacturer 

Generator and mechanical losses, per cent of 

gross load. To be obtained from manufacturer 

or may be estimated from published dat 8.7 4.1 
Internal steam rate, lb per kwhr. 

1 — Item 6/100) 9 67 9.43 

nternal work per lb steam, Btu per lb 

3415/Item 7 353.5 362.5 
Heat content of steam entering turbine, Btu per 

lb, from steam tables 1332.4 1332.4 
Approximate heat content of steam leaving last 

row of blades, vacuum 28'/2 in. (Item 9 — Item 

8), Btu pe 979 970 
Heat ps. of liquid at a vacuum of 28'/2 in., 

Btu per lb, from steam tables. . 59.7 59.7 
Latent heat of dry saturated steam at a vacuum 

of 28'/2 in., Btu per lb, from steam tables 1040.8 1040.8 
Approximate quality of steam leaving last row 

of Wy vacuum 28'/; in. (Item 10 — Item 11)/ 


Ite 

Value M/F», Item 1/Item 4. 
Critical temperature, deg F, ie., ‘temperature 
corresponding to critical ert from Fig. 3 
— curve for which _~ ec = 0.90. This as- 

umes En = (Item 2) 

of (M/F) sin a. "item 14 X Item3.... 
Limiting temperature, deg F, i.e., temperature 
corresponding to limiting vacuum, ‘from Fig. 3. 
Temperature corresponding to exhaust-chamber 
vacuum of 28'/2 in. hg, deg F, from steam 


0.88 0.87 
5670 13,150 


Estimated quality at critical pressure 
Specific volume of dry saturated steam at critical 
pressure from steam tables, cu ft per lb 
Approximate relative velocity at critical pres- 
ft per sec., Item 14 X Item 19 X Item 20/ 


Latent heat of dry saturated steam at critical 

pressure, from steam tables, Btu per Ib 

Approximate isentropic heat drop from critical 

pressure to 28'/2: in. vac. 
Item x 

(Item 15 — Item 18) [1 + 

em 15 — Thom 


Item 18 + 460 


— (Item 18 + 460)loge{ 1 + (a 
Approximate actual heat drop from critical 


pressure to 28!/2 in. vac. Btu per lb. Item 23 
xX Item 2 X (Item 19 + Item 13)/2 
Approximate velocity of steam relative to blade 
at exit boundary face. Vac. 28!/2 in. Ft per sec 
= v[29 X 778 X Item 24 + (Item 21)*] 
Specific volume of dry saturated steam at 28!/2 
in. vac. from steam tables, cu ft per Ib 
Estimated sin 8 = sin efflux angle, at 28'/: in. 
vac. In Case 1, gaging, i.e., Item 3. In Case 2, 
Item 14 X Item 3 X Item 26 X Item 13 

Item 25 X 3600 
Vb = mean blade speed of last row of blades, ft 
per sec. From manufacturer 878 
Approximate leaving loss at 28'/: in., Btu | sd 
lb, from formula 1b. See calculation ‘A in 
pendix 
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30 Approximate total heat converted into mechani- 
a energy, including therein the kinetic energy 
of the leaving soem, at 28'/2: in., vac., Btu per 
lb (Item 8 + Item 29) 

31 Revised estimate a heat content of steam leav- 
ing last row of blades at 28'/: in. vac., Btu per 
32 Revised estimate of quality of steam leaving last 
row of blades, 28'/: in. vac. (Item 31— Item 11) 

33 Heat sounens at critical pressure, Btu per lb, 

34 Heat content of liquid at critical pressure from 
steam tables, Btu per | 
35 Revised estimate of quality at critical pressure. 
— Kem 36)/Ttem 22........ 
evised estimate of eontrenie heat drop from 
critical pressure to 28'/2 in. vac. (Item 15 — 


Item 35 X Item 22 
Item 18) [1 + 15 (Item 
tem 15 — Item 18 
18 + 460) loge [ 1 + (a )] 
37 Revised estimate of actual heat drop from criti- 
cal pressure to 28'/: in. vac., Btu per lb. Item 
36 X Item 2 X (Item 35 + Item 32)/2.. eee 11.65 
38 Revised estimate of velocity of steam relative 
to blade at exit boundary face at 28!/: in. vac., 
> per sec = v¥(2g X 778 X Item 37 + (Item 
Item 35/ ~ 19)?}.. 1325 
39 Revised estimate of sin 8 = sin efflux angle, : 281/3 
in. vac. For Case 1, Item 3 and for Case 2 
Item 14 X Item 3 X Item 26 X Item 32 
Item 38 X 3600 
40 Revised estimate of leaving losses at 28'/: in. 
vac:, Btu per lb, from formula 1b. See calcula- 
41 Temperature to exhaust-chamber 
vacuum of 29 in. hg, deg 
42 Isentropic heat drop from 281/2 i in. vac. ‘in ‘Case 1, 
from critical pressure in Case 2, to vacuum of 29 
in., Btu per lb, for Case 1, (Item 18 — Item 


Item 32 X Item 12 
41) [1 + + 


Item 18 — Item 41 

Item 41) loge [1 + ( Item 41 + 460 )] 

For Case 2, substitute Item 15 for Item 18, Item 

35 for Item 32, and Item 22 for Item 12 
43 Estimated actual heat drop from 28'/2 in. vac. to 

29 in. vac. in Case 1, and from critical pressure 

to 29 in. vac. in Case 2. Item 42 X average 

quality X Item 2 = Item 42 X Item 32 X Item 

44 Approximate heat content of steam leaving last 

row of blades at 29 in. vac., Btu per lb. Case 1, 

Item 31 — Item 43. Case 2, Item 33 — 

45 Heat content of liquid at 29 i in. vac., from steam 


14.9 


to 


-70 


46 Latent heat of dry steam at 29 in. vac., Btu per 
47 Quality of steam leaving last row of blades at 
vac. (Item 44 — Item 45) 0.87 0.856 


48 Revised estimate of actual heat from 28'!/: 

in. vac. to 29 i in. vac. in Case 1, and | rom critical 

pressure to 29 in. vac. in Case 2. Case 1, Item 

42 X Item 2 X (Item 47 + Item 32)/2. Case 

2, Item 42 X Item 2 X (Item 35 + Item 47)/2 16.7 27.70 
49 Velocity of steam relative to blade at exit from 

last row in Case 2 at 29 in vac., ft per sec = 


[20 x 778 x Item ag + (Hem Hem 3s 
50 Specific volume of dry saturated steam at 29 in. 

vac., from steam tables, cu ft per Ib............ 652.7 652.7 
51 Sin 6 = sin efflux gece, at 29 in. vac. Case 1, 

Same as Item 3. ase 2 

Item 14 X Item 3 X Item 50 X Item 47 


Item 49x 3000. 0.45 0.574 
53 Leaving losses at 29 in. vac., Btu per lb, from 

formula 1b. See calculation C in Appendix B¢. 3.4 20.9 


54 Total gross conversion of heat into mechanical 
energy at 29 in. vac. 
40 + Item 48. Case 2, Item’ 8 + Item 40 — 

55 Net conversion of heat into Nesey pm shaft work 
at 29 in. vac., Btu per lb. m 54 — Item 53. 370.5 367. 

56 Internal steam rate at 29 in. oo lb per kwhr. 
9.22 9.30 

57 External steam rate at 29 in. vac., lb per kwhr. 

Item 56 


58 Per cent reduction in internal steam rate due to 
change of vacuum. (Item 55 — Item 8)/ Item 55 4.6 1.33 


The foregoing procedure assumes that the actual increment 
of heat drop due to a change of vacuum is equal to the in- 
cremental isentropic heat drop multiplied by the nozzle effi- 
ciency of incremental energy conversion in the last row of 
blades. This is correct when the critical pressure has been 
attained in the last row of blades; otherwise it is an approxima- 
tion. The procedure assumes also that the influence of leakage 
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losses in the last row of blades can be ignored; likewise varia- 
tions in Z’,,, the dry-steam nozzle efficiency of incremental energy 
conversion. Although these assumptions are satisfactory for 
general purposes, the turbine designer very likely will want to 
take cognizance of the fact that leakage losses influence the re- 
sult and may increase when the exhaust-chamber pressure is re- 
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AT CRITICAL PressuRE ASSUMING NozzLe EFFICIENCY oF INCRE- 

MENTAL ENERGY CONVERSION IN Last Row or BLapEs To Bg Unity 
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Fig. or M SIN at Limitine Vacuum ann or M/F, 
aT CRITICAL PressuRE AssuMING NozzLe Erricitency or INCRE- 
MENTAL ENERGY CONVERSION IN Last Row or Buapgs To Bs as 
INDICATED. CuRVES OBTAINED BY USE oF Formutas [26] 


duced below the critical pressure, also of the fact that E’, may 
vary with a change in the exhaust pressure and the rate of steam 
flow.* In evaluating E,, the nozzle efficiency applicable for the 


3 “Die Diisencharakteristik,”’ by Gustav Fligel. Forschungsar- 
beiten auf dem Gebiete des Ingenieurwesens, No. 217, Berlin, 1919. 
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incremental heat drop, E’, was multiplied by the average quality 
of the steam during its incremental expansion. This is consis- 
tent with the practice of reducing the efficiency of a stage 1 per 


/ 


24 


29" Vac. 


40 60 80 100 120 40 160 
Steam Flow, 1000 Lb per Hr 
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Leaving Losses, Btu per Lb Steam 


Fic. 4 Leavine Losses Assuming X = 0.88 anp E, = 0.90 
CALCULATED BY USE oF FormuLa [1b] 


(Blade speed Vb = 878 ft per sec, sin $ = gaging = 0.45, and Fp = 9.35 
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cent for each average per cent of moisture in the steam in the 
stage. Actually, however, the effect of a unit percentage of 
moisture on the efficiency of incremental energy conversion 
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within a blade may be less than its effect on the over-all stage 
efficiency, and further it may differ appreciably in the nozzle 
proper and in the triangular section following section F, of 
Fig. 1. Time did not permit of a more comprehensive investi- 
gation of the influence of moisture, but a discussion of this will 
be welcomed. 

Fig. 2 shows values of the saturation temperature correspond- 
ing to the limiting pressure P,, when the abscissas represent 
M sin a/F,, and of the saturation temperature corresponding to the 
critical pressure when the abscissas represent M/F,, the nozzle 
efficiency of incremental energy conversion in both cases being 
unity. Fig. 3 is the same as Fig. 2 except that the nozzle effli- 
ciency of incremental energy conversion is no longer assumed to 
be unity; also the data plotted in Fig. 3 were obtained from a 
formula developed by the writer while those plotted in Fig. 2 were 
obtained from formula [45] in Fligel’s “Die Dampfturbinen.’’? 
The curves of these two figures should agree approximately where 
the ratios of E,,/X are identical: Fig. 4 shows curves of charac- 


= /3,380 Lb per Hr per Sq Ft 
5,230 Lb per Hr per Sq Ft 


\ 


(Toc ~Tex ) 
> 


nN 


Saturation Temperature at Critical Pressure 


minus Saturation Temperature at Exhaust Pressure 
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0 0.2 0.4 0.6 0.8 1.0 1.2 
Values of -aWi/ad7,); Btu per Degree F per Lb Steam 


Fig.6 Rate or CHANGE OF INTERNAL SHAFT WorK WITH A CHANGE 
oF VacuuM TEMPERATURE, I.E., INCREMENT OF INTERNAL SHAFT 
Work Per Pounp or STEAM Per DEGREE DECREASE IN VACUUM 
TEMPERATURE WHEN ExXuHaAust Pressure Is BELOW CRITICAL 
PRESSURE 
(En = 0.90, X = 0.90, and sin a = gaging = 0.45.) 


teristic leaving losses calculated by assuming the quality of the 
exhaust steam to be 88 per cent and the nozzle efficiency of in- 
cremental energy conversion in the last row of blades to be 90 
per cent. The spouting area of the last row of blades, Fs, was 
assumed to be 9.35 sq ft and the gaging was assumed to be 45 
per cent in developing Fig. 4 as was assumed in the illustrative 
example previously presented. Fig. 5 shows values of £, the 
efflux angle of the last row of blades, corresponding to the data 
presented in Fig. 4. 

From Figs. 2 and 3 it will be seen that the depression of the 
temperature corresponding to the limiting vacuum below that 
corresponding to the critical pressure is approximately 25 F 
when the gaging, i.e., sin a, is 0.45, and 33 F when the gaging 
is 0.35. The value of 25 F for 45 per cent gaging is verified also 
by the curves of Fig. 6 which show values of (—dW,/dT’,), the 
rate of change of internal work with a change of vacuum tem- 
perature, plotted as abscissas and the difference between the satura- 
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tion temperature at the critical pressure and that at the exhaust- 


chamber pressure as ordinates. 


Here the difference between the 


saturation temperature at the critical pressure and that at the 
limiting vacuum is the ordinate where (—dW,/dT,) = 0. 

The author is grateful for the many helpful suggestions offered 
to him during the preparation of this manuscript; to W. E. Cald- 
well and his associates on the Power Division Executive Com- 
mittee of the A.S.M.E. for their interest in the paper; and to vari- 
ous members of the engineering staff of Kansas State College 
who assisted with translations and with the correction of the 
manuscript. 


NOMENCLATURE 

= free fraction of area of annulus of last row of blades 

= efflux angle of last row of blades 

= blade angle of last row of blades 

= specific heat, Btu per lb per deg F 

= specific heat of water = 1, approximately 

= mean diam of last row of blades, ft 

= nozzle efficiency of incremental energy conversion in 
last row of blades. £,, is the efficiency with which the 
next increment of isentropic heat drop selected is con- 
verted into relative kinetic energy, i.e., into kinetic 
energy of the expanding steam measured relative to 
the blade. Thus 


where V, = velocity of steam relative to blade, ft per sec 


Re 


Tod 
r 


E’,, = dry-state value of 


spouting area, last row of blades = axD’,,L, sin a, sq ft 
acceleration of gravity, ft per sec per sec 

isentropic heat drop, Btu per lb 

isentropic heat drop, state 1 to state 2, Btu per lb 
heat content of steam leaving the last row of blades, 
the quality of this steam being X; Btu per lb 

heat content of saturated liquid at pressure of steam 
leaving last row of blades, Btu per lb 

leaving losses = kinetic energy of steam leaving last 
row of blades, Btu per lb 

1.035 + 0.1X; k, = k when X = X,, and k; = k when 
a Xa 

blade height, ft 

steam leaving last row of blades, lb per hr 

steam leaving last row of blades when critical pressure 
exists at exit section F, (see Fig. 1), lb per hr 

steam leaving last row of blades when pressure at 
blade exit section CA of Fig. 1 is that correspond- 
ing to the limiting vacuum, lb per hr 

pressure of steam leaving last row of blades, lb per sq in. 
critical pressure of steam in last row of blades, lb per 
sq in. 

critical pressure of steam in last row of blades, lb per 
sq ft 

pressure existing in the exhaust chamber, lb per sq in. 
limiting pressure, lb per sq in. 

limiting pressure, lb per sq ft 

latent heat of vapors leaving last row of blades, Btu per 
lb 

latent heat of vapors at limiting pressure, P,,, Btu per 
lb 

latent heat of vapors at critical pressure, Btu per Ib 
Latent heat of steam leaving last row of blades = Xr,, 
where X is quality of steam, Btu per lb 

entropy, Btu per deg F 


Wy 
X 
d 
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absolute temperature of steam leaving last row of 
blades, deg F 

absolute temperature of steam at critical pressure, 
P.., deg F 


= absolute temperature of steam at limiting pressure, 


Pen deg F 


= absolute temperature of steam in exhaust chamber, deg 


F 

velocity, ft per sec 

velocity of steam leaving last row of blades measured 
relative to blade, ft per sec 


= mean velocity of blade, ft per sec 


absolute velocity of steam leaving last row of blades, 
ft per sec 

critical relative velocity of steam in last row of blades, 
ft per sec 

specific volume of dry saturated vapors leaving last 
row of blades, cu ft per lb 

specific volume of dry saturated vapors at limiting 
pressure, P,,, cu ft per lb 

specific volume of dry saturated vapors at critical pres- 
sure, P,., cu ft per lb 

internal shaft work, Btu per lb steam 

dry fraction of steam leaving last row of blades 

dry fraction of steam leaving last row of blades wher 
terminal pressure in blades is the limiting pressure, P,, 
dry fraction of steam at section F» of last row of blades 
when critical pressure P,, exists at that section 


z = 5.99 log, (T,/550) + 12,200 (550 — T,)/550 T, 


2= 


value of z at critical pressure, P,,, i.e., when T, = T,, 


zz = value of z at limiting pressure, P,,, i.e., when T, = T,, 


Appendix A 


The following formulas will be helpful in evaluating leaving 


losses and vacuum corrections. 
in Appendix B.‘ 


clature. 


Their derivation will be given 
Definitions of symbols are given in the nomen- 


I Formulas for evaluating leaving losses. 


[X(M/F,)(sin a/sin 8)», 


V2, + —2V;,V,, cos B 
29 X 778 


V;? 


j= 


[X(M/F,)(sin a/sin B)e*}? 


64.9 101° 5.01 X 104 


XV,(M/F;,)(sin a@/sin 8)v, cos 
9.02 < 107 


V,? 


NOTE: 


29.56 10° 5.01 x 
XV,(M/F,)(sin a/sin 8)e* cos 8 
1.925 X 10° 


Formula [1c] expresses j as a function of the terminal 


temperature of the steam and, therefore, is in such form that the 
derivative dj/dT, can be evaluated. 

II Mass velocity of steam leaving last row of blades when 
critical pressure exists at blade exit section F,. 


M/F, = 


O7r,. 
0.678 


108 
x 


X 


T,(1 —0.55X.) } (2a) 


ve 


4 Appendix B has been filed in the Archives of the Society and may 
be obtained upon request. 
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M,/F, = 
10° 569 
X Yee 


X 
9.07 T,.(1 — 0.55X,) 


[2b} 


M,/F, = 3600 V[(E,/X.) approximately .. . . [2c] 


In formula [2c] k, = (1.035 + 0.1 X,), see Fliigel’s Die Dampf- 
turbinen, page 69.2 Formula [2c] is derived by recognizing 
from formula [2a] that M,/F, = (./E,) X [(M,/F;,) evaluated 
for E, = 1], approximately; also by employing the equation 
for the velocity of sound. 

III Critical velocity of steam in last row of blades. 


= 130.2 
X 


07 rs. 
0.678 


T,.(1 —0.55X,) 
X See 


V (M,/F,) X Ve 
3600 

Vee = eX = 52.5» 

approximately 


IV Small increments of isentropic adiabatic heat drop when 
low-pressure saturated steam is the expanding medium. 


Ay = — + /T 
— log.(T1/T 2) 


12 (approximate) = X, 17 log,( T 2) 
dH = —dT,Xr,/T, 


where 7’, Xi, 7,1 = initial absolute temperature, quality, and 
latent heat, respectively, of the expanding steam; 7: = terminal 
absolute temperature of the expanding steam, deg F; and Cyn» = 
average specific heat of water between states 1 and 2, = unity 
approximately for temperature range herein considered, Btu per 
Ib per deg. 

V_ Specific volume of dry saturated water vapors between 40 
F and 140 F. 
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VI Latent heat of water vapors between 40 F and 140 F. 
r, = 1344.3 — 0.55 T, 


= +0.7 Btu when 7, = (140 + 460) F, and 
+0.2 Btu when 7’, = ( 40 + 460) F. 


VII Rate of change of internal shaft work with change of 
vacuum temperature. 


Error 


__ dW, (where critical pres- V,sin 8 { 3600 E,7,F, 
dT, Sure is attained) cos 8 T,M (sin a)v, 


M(sin a)v,X E +E,) 9.077, | 
90,200,000 F, T, T,? Xr, Wa! 


dW, (Where critical pres- E,Xr, (l1+£,) 9.07r, 
~~ aT, Sure is not attained) ~ “7, + T, 


(¥ 
F, 468.5 
Xr, 14.78 X 105 


x ( v,V, COs ) 
F,/ \468.5 X 1.925 x 105 


(Formula [7b] is approximate.) 

VIII Mass velocity of steam leaving last row of blades when 
limiting pressure P,, exists at exit face of blade; i.e., when ex- 
haust-chamber vacuum is greater than or equal to the limiting 
vacuum. 


3600 (kagP ‘va/VeaX 4) 
sin @ 
(see formula 45 in Die Dampfturbinen? by Fliigel) .. . . . [Sa] 
10? X 569 
(sin 


M/F, (when E, = unity) = 


Mae 


X 
T .a(1 — 0.55X 4) 

X aoa 
3600 


sin a 


M,/F, = approximately. [8c] 
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Principles Underlying the Rational Solution 
of Automatic-Control Problems 


By SERGEI D. MITEREFF,! PETERSBURG, VA. 


The author presents twelve fundamental equations 
covering the characteristics of automatic regulators. 
It is the author’s belief that six of these equations com- 
pletely cover all present forms of commercial regulators. 
The additional six equations cover modifications and im- 
provements which will permit greatly increased accuracy 
and flexibility of automatic control and will permit a satis- 
factory solution of those control problems which could 
not be handled with complete success by previous types 
of regulators. 


N SPITE of the widespread use of automatic regulators and 
I governors in all branches of industry, little has been published 

relative to the fundamental principles of the subject. In the 
absence of data necessary for rational solutions the majority of 
automatie-control problems are solved at present by purely 
empirical methods. 

Because of the variety of automatic-control apparatus on the 
market, it is a difficult task to select the regulator suited exactly 
to the requirements of a given installation. The adjustment of a 
regulator after its selection and installation is a problem in itself, 
inasmuch as the usual cut-and-try method of adjustment is very 
tedious and unreliable. Therefore, the development of a solid 
basis for a rational approach to the problem of automatic con- 
trol is a matter of considerable practical importance. 


PRINCIPAL Factors OF AN AUTOMATIC-CONTROL 
INSTALLATION 


Any automatic-control installation can be considered as con- 
sisting of two major parts which are, (a) the system to be con- 
trolled, and (b) the automatic-control apparatus added to this 
system in order to produce the desired result. 

The system external to the regulator can be divided into four 
factors common to any control installation, practically without 
exception, these are: (a) storage of a fluid or energy, (6) inflow 
of a fluid or energy to the storage, (c) outflow of a fluid or energy 
from the storage, and (d) a function (temperature, pressure, 
speed, level, etc.) which is indicative of the amount of fluid or 
energy in storage and which it is desired to maintain constant. 

It should be pointed out that either the inflow or the outflow 
of fluid or energy is capable of being varied at will, while the 
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other flow varies under the influence of factors which cannot be 
controlled. 

It is evident, therefore, that an automatic-control problem con- 
sists essentially of equalizing automatically the rate of flow to the 
storage with the rate of flow from the storage, this being the 
necessary condition for maintaining constant both the amount 
of fluid or energy in the storage and the function indicative of the 
amount of fluid or energy in the storage. 

Taking as an example the speed control of a turbine-generator 
unit, the energy-storing capacity of the rotating parts will be 
identified as the storage. The flow of steam to the turbine is the 
inflow of energy which can be controlled, while the electrical 
output of the generator is the outflow of energy varying under 
the influence of the demand which is not under our control. 
The speed of the turbine is, of course, the function which we 
desire to maintain constant and which is indicative of the amount 
of energy stored in the rotating mass. 

Analyzing the example of the temperature control of a gas-fired 
oven, the storage is represented by the heat-storing capacity of 
the oven. The flow of energy under our control is the inflow 
of gas to the oven. The uncontrollable flow of energy is the heat 
loss from the oven by radiation and heat absorption of the prod- 
uct. The temperature in the oven is the function indicative of 
the amount of heat stored in the oven and which it is desired to 
maintain constant. These examples are typical and could be 
extended considerably. 


PrincipaL Parts oF AN AUTOMATIC-CONTROL APPARATUS 


An automatic-control apparatus consists of (a) the impulse- 
receiving element, (b) the final operating element, and (c) the 
operative connection between the impulse-receiving element and 
the final operating element. 

The function of the impulse-receiving element is to produce a 
force or motion proportional to the function to be maintained con- 
stant. Ina pressure regulator, for instance, the impulse-receiving 
element is represented by a diaphragm acted upon by the pres- 
sure transmitted from the tank through a pilot line. Ina thermo- 
couple type of temperature regulator, the impulse-receiving 
element consists of the thermocouple and the galvanometer. Ina 
speed governor, the flyball pendulum constitutes the impulse- 
receiving element. 

The function of the final operating element is to modify the 
rate of the controllable flow of fluid or energy. In most cases the 
final operating element is simply a valve or an electrical con- 
tactor. 

The function of the operative connection is, first, to provide 
the desired characteristic of the automatic-control apparatus 
and, second, to’generate a sufficient force for actuating the final 
operating element. 


CHARACTERISTIC OF AN AUTOMATIC-CONTROL APPARATUS 


In spite of the fact that the concept of the characteristic of a 
regulator or governor is one of the most important factors enter- 
ing into the general problem of automatic control, it has received 
little attention in literature on the subject. This oversight is 
very surprising, especially in view of many elaborate attempts to 
cover such comparatively insignificant factors as “lack of sensi-- 
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tiveness”’ and “sticking,” factors which hardly deserve more than 
a passing remark to the effect that they could and should be kept 
down to a required minimum in any properly designed auto- 
matic-control apparatus. 

By the characteristic of an automatic-control apparatus is 
meant the relationship between the primary impulse actuating 
the apparatus and its final effect. The best, since the most 
definite, way of expressing this relationship is by means of a 
mathematical equation. By the primary impulse is meant the 
extent of change of a form of energy derived from the variation 
of the function to be controlled from its value corresponding to 
the normal value of the controlled function. By the final 
effect is meant the extent of actuation of the final operating ele- 
ment of the regulator. It should be pointed out that the mathe- 


Fie. 1 An Automatic LEvet-ContTROL INSTALLATION WITH 
One Pinot LINE 
(The following equations express the relationship between the level in the 
float chamber and the level in the tank.) 


=k a Pa=P+h ar —Pilot line 2 has fluid friction but no 


ar 


inertia 


(6) Pi—P = » Pi = 


on P+ »% oo —w line 2 has inertia but no fluid 


friction 


fluid friction and inertia 


s —Pilot line has both 


Pom P+ + 


matical equation expressing the characteristic of a control 
apparatus gives the relationship between the primary impulse 
and the final effect both measured at the same moment under 
consideration. 

In the above example of the temperature control in a gas-fired 
oven, the primary impulse takes the form of the value of the 
thermoelectric current (or potential) generated by the thermo- 
couple by which it deviates from its normal value corresponding 
‘to the normal temperature in the oven. The final effect is repre- 
sented in this case by the distance between the position of the 
valve admitting gas to the oven at the moment under considera- 
tion and the position of the valve at the beginning of operation 
of the regulator when the temperature was held constant at its 
normal value. 


Time Lac In a ContrROL INSTALLATION 


One of the greatest practical difficulties encountered in an 
automatic-control installation is the phase displacement be- 
tween different factors commonly known as the time lag. The 
time lag is caused by fluid friction, resistance to heat flow, and 
inertia forces inherent in any physical layout, and the most fre- 
quent factor contributing to the time lag is the fluid friction and 
inertia of the impulse-transmitting means. For instance, in the 
case of a pressure regulator, the friction and inertia of the liquid 
in the pilot line connecting the tank with the regulator distort 
considerably a perfect correspondence between the pressure in 
the tank and the pressure as reaching the regulator. 

Another source of time lag is the inertia and friction of the 
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fluid in the pipe in which the regulating valve is located. For 
instance, in the case of the speed control of a hydraulic turbine 
there exists a phase displacement between the opening of the 
gate and the rate of water flow through it because of inertia of 
water in the penstock. 

It should be pointed out that the aforementioned types of 
time lag are very often unavoidable features of the control in- 
stallation in contradistinction to the time lag frequently en- 
countered in the regulator itself which, as a rule, can be elimi- 
nated by correct design. It will be clear, therefore, that since 
some of the principal causes of the time lag cannot be eliminated, 
means should be found in such cases to counteract the time lag by 
selecting a regulator which has a characteristic suitable for just 
this particular purpose. 


An LEVEL-CoNTROL INSTALLATION WITH 
Two Pivot Lings 

(The following equations express the relationship between the level in the 

= ——" and the level in the tank.) 


7+ a ar —Plot lines 2 and 7 have only fluid friction 
only the other has and inertia 


ars + 


ki, ko, ks, and ky Constants of proportionality depending upon the physi- 
cal dimensions of the system 


Fia. 2 


(d). Pi=P +h 


—Of the pilot lines 2 and 7 one has 


; Both pilot lines have fric- 


dT? tion and inertia 


In order to pave the way for a rational solution of the problem 
of the time lag, a typical control installation will be analyzed. In 
Figs. 1 and 2 is shown an automatic level-control installation 
where the float (4) is placed in a float chamber connected by a 
pilot line to the tank (1). Equations (a), (b), and (c) in Fig. 1 
express the relationship between the level in the float chamber (3) 
and the level in the tank (1) if only one pilot line is used. Equa- 
tions (d), (e), and (f) in Fig. 2 give the relationship between these 
levels when two pilot lines in series are used. In both of these 
cases the conditions when the pilot line has only fluid friction, 
only inertia, and both friction and inertia are covered by these 
equations. 

The time lag arising from the use of a pilot line is typical of 
any other source of time lag in any other part of controlled sys- 
tem. Therefore, the equations in Figs. 1 and 2 have the virtue 
of universality and they are applicable to any type of automatic- 
control installation, whatsoever, including automatic piloting of 
ships and aircraft. 

It will be clear also that in order to obtain the level in the tank 
from the indication of the level in the float chamber, it is only 
necessary to design an automatic-control apparatus which would 
solve automatically the given equations. It is rather surprising 
that there are at present no commercial automatic controls which 
have the characteristics capable of performing this task. 

The exact mathematical solution of the time lag, caused by 
inertia of fluid in the pipe (6) as affected by the extent of opening 
of the regulating valve (5) and the corresponding rate of flow 
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through it, is rather complex. It could be shown, however, that 
if we increase the opening of the valve (5) by the amount equal to 
P 
ke the rate of flow through the valve (5) will closely corre- 
spond to the change of level in the float box. 
In other words, by designing a regulator which has the char- 


dP 
acteristic F = khP + k ar we can obtain the relationship 


W = kP, where W = the rate of flow through pipe (6), P = 
the extent of change of the level in the float box, F = the distance 
traversed by the valve (5), ki, k:, and k = constants of adjust- 
ment, and 7’ = time. 

In this way the retarding effect of inertia of the fluid in the pipe 
(6) could be almost completely counteracted. This method of 
counteracting the inertia of fluid in the pipe in which the regulat- 
ing valve is located is applicable equally well in the case of the 
speed governing of a hydraulic turbine, and many other auto- 
matic-control installations. 


CLASSIFICATION OF THE AUTOMATIC-CONTROL APPARATUS 


All automatic-control apparatus now in commercial use, prac- 
tically without exception, can be grouped according to their 
characteristics (expressed by the equations) under only six 
classes: 


dF 

dF 


The following classes of automatic-control apparatus are more 
or less new to the art: 


dP 
Il F=kP + by [7] 
VIL F=hfPdT + + ks [8] 
X =k SPdT + + (C).....[10] 
dP 
XI kf FdT + F + =khfPdT + + ks —. [11] 
dT aT 
F 
XIl_ FdT + F + ke —+ = 
dP P 
PdT + + hs ky — [12] 


where P = the deviation from its normal value of the primary 
impulse actuating the regulator as measured at the moment 
under consideration; F = the final regulating effect of the auto- 
matic-control apparatus as measured at the same moment 
under consideration; 7’ = time; and ki, ke, ks, ka, ks, ke, and ky = 
arbitrary constants of adjustment. 

Only six of the above characteristics may be found in existing 
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commercial regulators. The reader can prove this statement by 
analyzing, in the light of this article, a number of controls with 
which he may be familiar. The statement applies to all regula- 
tors and governors irrespective of either the field of application 
(control of temperature, pressure, speed, combustion, level, etc.) 
or the motive power actuating them (electrical, hydraulic, or 
pneumatic operation). The only limitation in this connection is 
that the controls selected for analysis should be of a continuous 
type, because it is obvious that the characteristic of regulators of 
mere on-and-off type cannot be expressed by a mathematical 
equation. 

The on-and-off type does not include, however, the majority 
of the electric regulators of the contact-making type, since, even 
though their operation may be intermittent, there still exists in 
practically all of these regulators a definite mathematical rela- 
tionship between the variation of the controlled function and 
the actuation of the regulating valve. 

Elementary examples of the automatic-control apparatus of 
the first and twelfth classes only will be given in this paper. 
Space limitations forbid demonstration of all twelve characteris- 
tics. The author, however, has placed on file in the archives of 


Fic. 3 A Common-Type PressurRE-REGULATING VALVE 


the Society, a complete demonstration of all twelve cases where 
they are available to the more serious students of control prob- 
lems. 

EXAMPLE OF Ciass I 


Consider a pressure regulator of the most common type, such 
as illustrated in Fig. 3. This regulator consists of the diaphragm 
(1) moving the regulating valve (2). The pressure to be kept 
constant is transmitted to the regulator through the pilot line 
(6), in which is inserted the needle valve (4). When the pressure 
is held steady at its desired normal value the weight (3) is in 
balance with the force produced by the pressure acting upon the 
diaphragm (1) and, therefore, the valve (2) is at a standstill. 

Let P, = the normal value of the pressure. It is evident that 
the pressure on the top of the diaphragm (1) is always equal to 
P;, provided the valve (2) is in its normal operating position and 
is neither wide open nor closed tight. Let P; = the pressure 
existing in the line (6) in front of the needle valve (4). By defini- 
tion, the primary impulse actuating the regulator will be equal 
to the difference between the pressure before the needle valve (4) 
and the normal desired pressure always existing in the space 
above the diaphragm (1). 

We may write, therefore, 


It follows from the law of viscous flow through an orifice such 
as the needle valve (4), that the speed of fluid flow through the 
valve (4) is proportional to the pressure difference existing across 
it. It is evident, on the other hand, that the speed of movement 
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of the valve (2) is proportional to the speed of fluid flow through 
the valve (4). 
Therefore, the following relationship holds: 
dF 


ar (Pi — Pa) 


dF 
where ar is the mathematical expression of the speed of move- 


ment of the valve (2) existing at the moment under considera- 
tion, while k; is the arbitrary constant of adjustment depending 
upon the opening of the valve (4). 

By multiplying both sides of Equation [14] by d7 and integrat- 
ing it we obtain Equation [1] given previously as expressing the 
characteristic of the regulator of Class I 


F=khfPdT + (C) 


In this equation the constant of integration depends upon the 
position of the regulating valve at the beginning of operation of 
the regulator. 

The operation of the dashpot (5) is equivalent to the opera- 
tion of the needle valve (4) and either one of them could be 
omitted without changing the characteristic of the regulator. 
If the dashpot is used, the constant of adjustment k, will depend 
on the opening of the bypass valve (7). 

It will be seen from the above explanation that the Class I 
regulator is characterized by the fact that the regulator moves 
the regulating valve with a speed proportional at any given 
moment to the extent of deviation of the controlled function 
from its normal desired value as existing at the same moment. 
This means also that the regulating valve continues to move as 
long as this deviation exists. 

In this as well as in all other examples it is assumed that 
the parts of the regulator are so designed and so proportioned 
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automatic adjustment of the primary impulse by means of the 
valve (18). 
Without this adjustment the characteristic of this regulator is 


dP 
= dT — . 
F =kpfPdT + + ar + ku ar + (C). [48] 
This equation is modified by the operation of the valve (18) 
into 


S (P—kuF)dT + — kuF) 


d(P — ku F) d*(P — kyF) 


+ hie dT? 


By combining the like terms and the groups of constants, we 
get Equation [12], expressing the characteristic of Class XII. 


ReMArRKS CONCERNING VII, VIII, IX, X, 
XI, anp XII 


To the best of the author’s knowledge and belief the regulator 
characteristics of Classes VII to XII, inclusive, are new to the 
art. The principal difference between the automatic-control 


apparatus of these new classes and those of the classes widely 
dP 
f th ap ar . 
used at present is the existence of the terms aT and ar in the 


characteristic equations. These terms are obtained by the use 
of a single dashpot or the series combination of two dashpots. 
The alternate means available for obtaining these terms are: 


1 The Electric Condenser. The use of a condenser for this 
purpose is based on the fact that if we impress a variable potential 
across a condenser connected in series with a very small resis- 
tance, the potential drop across the resistance will be proportional 
to the rate of change of the variable potential. 

2 Electrical Coil Moving Across a Uniform Mag- 
netic Field. The use of a coil for the purpose of 
obtaining the rate of change of a function is based 
on the law that the potential induced in the coil 
is proportional to the speed of movement of the 
coil in respect to the magnetic field. 

3 Orifice. The use of an orifice is a general 
case of the use of the dashpot since the purpose 
of the dashpot is to force the fluid through a re- 
sistance (bypass valve) in a volume proportional 
to the extent of change of the function, thus ob- 
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Fie. 11 ReGuiator Provipep With Automatic ADJUSTMENT OF THE 


Primary IMPULSE 


that the effect of friction and inertia of the regulator on its opera- 
tion is so small that it can be neglected. 


Examp.e or Crass XII? 


This class of regulator, represented by Fig. 11, is provided with 

2 A complete demonstration of all twelve classes of regulators has 
been filed by the author in the archives of the Society. This demon- 
stration includes Figs. 4 to 10, inclusive, Equations [16] to [47], 
inclusive, and Equations [50] to [55], inclusive. 
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taining pressure drop across the resistance which 
is proportional to the rate of change of the func- 
tion. Strictly speaking the use of a condenser is 
a particular case of the use of an orifice. 

4 Induction Coil. The fact that the drop of 
potential across an induction coil is proportional 
to the rate of change of current passing through it 
is the basis of the use of such a coil for the purpose 
of obtaining the rate of change of a function. 

5 Inertia. The use of inertia is based on the 
principle that the reaction of a mass is propor- 
tional to its acceleration. The precession of a 
gyroscope should also be classed under this heading. 

6 Step-by-Step Differentiation. 

7 Differentiating Calculating Machine. Several of these are 
available, based on the principle of finding the tangent of a curve. 


Theoretically there is no reason why the derivatives of higher 
orders than the second of the controlled function could not be 
added to any of the characteristics covered. In actual practice, 
however, the usefulness of such complicated characteristics is 
limited to very special cases. Therefore, the twelve characteristics 
shown are the practical limit of the development in this respect. 
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SOLUTION OF THE PROBLEM OF AUTOMATIC CONTROL AS A 
WHOLE 


It is beyond the scope of this article to present a detailed 
solution of the problem of automatic control in all its various 
ramifications but there are two basic principles which should be 
particularly emphasized in this connection. 

First, it could be definitely shown that the characteristic of the 
Class II regulator, Equation [2], would be entirely adequate 
in all cases of automatic control, provided there were no time lag 
in any part of the controlled system and provided the regulator 
performs in perfect accordance with this characteristic. More 
generally this means that an automatic-control problem is com- 
pletely solved when the controllable flow of fluid or energy to or 
from the storage is made to vary strictly in phase with and in 
proportion to the change of the amount of fluid or energy in 
storage, or mathematically when W = kP, (Fig. 2). Under 
these ideal conditions the variation of the controlled function 
could be made as small as desired by the simple expedient of 
increasing the value of the constant of adjustment k;. 

For instance, in the example of the level control shown in 
Fig. 1, the level in the tower (1) could be held as steady as desired 
by simply increasing the ratio of the leverage between the float (4) 
and the valve (5), provided the float is located in the tower to 
eliminate the time lag in transmission of the impulses and pro- 
vided the float and the valve are entirely devoid of inertia and 
friction and also that there is no inertia of the fluid flowing 
through the pipe (6). In actual practice, however, the above 
conditions can be only approximated. Therefore, there exists 
just one optimum value of k; in Equation (2) with the result 
that the attempt to minimize the variation of the controlled 
function by increasing k, beyond its optimum value for this par- 
ticular installation is invariably followed by a rapid periodic oscil- 
lation of the system known as “‘hunting.”’ 

Second, the current methods for eliminating hunting are 
based on the misconception that a regulator could be stabilized 
by means of a dash pot or a similar retarding device. 

In the discussion of Class IV in the complete paper, filed in 
the archives of the Society, it is shown that the effect of stabilizers 
is equivalent to an artificially created time lag. Since hunting 
is the result of the time lag inherent in the system, the addition 
of an artificial time lag cannot possibly correct the situation. 
The only result attained by the stabilizers is to increase the 
magnitude of fluctuation of the controlled function for a given 
change in the rate of flow of fluid or power to or from the system. 
It is admitted, however, that by retarding the response of the 
regulator, the system may be made apparently more stable from 
the standpoint of hunting. 

The only rational method of combating hunting is by 
counteracting the time lag. It could be stated without going into 
a detailed mathematical proof that the addition of the terms 


dP 


Ti and — qm z +m, +o the characteristic of a regulator will counteract the 


time lag. Whether these terms should be used singly or together 
depends entirely upon the type of time lag. It is interesting 
to note that the elimination of hunting by the rational method 
involves advancing the response of the regulator. 
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Of course, if hunting is the result of the imperfect operation 
of the regulator, due either to its excessive inertia or friction, 
the regulator should be redesigned to make it perform strictly in 
accordance with its characteristic equation. 

There are certain types of regulators, however, in which the 
inertia effect of some essential part cannot be entirely eliminated 
even by a most careful design. For instance, in the spring- 
loaded flyball speed governor the ever-present inertia of the 
flyballs introduces a phase displacement between the change of 
the turbine speed and the corresponding change of the angle of 
inclination of the flyballs. 

From the elementary law of the reaction of a mass to its ac- 
celeration, and for normal small changes in turbine speed 


@P. 
ksP: + ke [56] 


where P; = the angle of inclination of the flyballs, P = the ex- 
tent of change of the turbine speed, k, = constant of proportional- 
ity depending on the inertia of flyballs, k; = constant of propor- 
tionality depending on the design of the governor in respect to 
the rotative speed of the flyballs. By using an operative con- 
nection between the flyballs and the throttle valve having the 
characteristic 


@P, 
P= + ke 


Since ks and ks are two perfectly arbitrary constants of adjust- 
ment we can make ky = k,ks and ke = kiky. 
Substituting these values of ks; and k, into Equation [57] 


d*P, 

It will be seen, therefore, that by using characteristic Equation 
[57], the unavoidable retarding effect of the inertia of the flyballs 
can be completely counteracted. Of course, this case is just a 
particular example of the use of new characteristics for counter- 
acting the time lag in the impulse-transmitting (or rather impulse- 
generating) means. 

It could be shown in a similar manner that if a regulator has 
an unavoidable series combination of inertia and a fluid friction, 
as is the case when the flyballs are dampened with a dashpot, 
the retarding effect of such combination can be counteracted by 
using characteristic Equation [9]. If in addition to this retard- 
ing effect existing in the regulator itself there is also a time lag 
in the system external to the regulator, an introduction of the 
derivatives of the higher order than the second in the character- 
istic of the regulator will be necessary if a precise and stable 
regulation is to be achieved under all conditions of operation. 
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Application of the Elastic-Point Theory 
to Piping Stress Calculations 


By S. W. SPIELVOGEL' anno S. KAMEROS,? NEW YORK, N. Y. 


The application of the neutral-point theory to piping 
expansion problems leads to a simplification in their 
solution. A simple transfer formula introduced by the 
authors eliminates what would have been a laborious 
step in the computations and resolves the procedure into 
the determination of two moments of inertia and the 
product of inertia of the pipe line with respect to two 
rectilinear axes through its center of gravity. 


years has led to the development of a_ well-defined 

technique in the design and mathematical analysis of 
pipe lines subjected to expansion. Various authors have simpli- 
fied the tedious labor of calculating the unknown quantities by 
grapho-analytical procedures or through graphs and _ tables 
which furnish either solutions for the most frequently occurring 
integrals entering into the calculation or direct results for a 
great variety of pipe-line shapes. A further simplification of 
the procedure for calculating the three redundant end reactions 
in fully restrained pipe lines can be obtained by making use of 
the well-known principle of the elastic-point, or so-called “‘rigid- 
bracket,” theory. The inherent advantage of this method is 
particularly apparent when applied to irregular, unsymmetrical 
pipe lines, the solutions for which lead to unwieldy equations not 
suitable for graphical representation and consequent utilization 
for pipe lines of similar form. Where the shape of the pipe line 
is of such character as to call for individual solution, the elastic- 
point method has the advantage of simplicity, time saving, and 
elimination of sources of error. 

Mention of the possibilities of the application of the elastic- 
point theory to pipe-line stresses has been made before in the 
discussion of technical papers presented to the A.S.M.E., but 
to the author’s knowledge the advantages of the theory have 
never been fully demonstrated. The application of the method 
in its original form offers but little advantage over prevalent 
procedures. The authors have discovered, however, that in 
conjunction with a transfer formula derived herein, it permits 
interpretations which remove some of the obstacles which make 
this subject a specialty for experts. This paper is presented, 
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therefore, in the belief that it will contribute toward opening 
this field to those not fully equipped with the complex knowledge 
of statically indeterminate systems. 

The authors have purposely not repeated in this paper a dis- 
cussion of such subjects as flexibility constant, the effect of 
flattening of curved pipe, and stress-multiplication factor. 
These subjects have already been covered in papers of the Society. 
Those who are not conversant with them may have recourse to 
the bibliography at the end of this paper. 

The following discussion leading to the neutral-point theory 
is along the line of reasoning applied to statically indeterminate 
problems and is presented for completeness only. 

A pipe line situated wholly in one plane with its ends fully 
restrained and subjected to temperature changes constitutes a 
statically indeterminate system with three unknown quantities 
at each of the two terminal points. These unknown quantities 
are the horizontal and vertical components of the end reactions 
and two restraining moments, one for each end. To solve this 
problem, there are available 

1 The three fundamental equations of equilibrium; namely, 


The sum of all horizontal forces equals zero... .. =X = 
The sum of all vertical forces equals zero.......2Y = 
The sum of all moments equals zero........... =M = 


2 Three more equations, which are obtained by considering 
the distortion in the system caused by the restrictions which 
prevent the free expansion of the pipe. 


| 

| 

| | 

AI 

ay A 

| Ox 

! 

Fie. 1 


The pipe line shown in Fig. 1 is subjected to temperature 
changes. If the end A were made free and end B were securely 
fixed, the pipe line would become a cantilever which, when 
heated, would lengthen horizontally the amount Az and vertically 
the amount Ay. There would be no angular distortion at the 
free end and the ultimate shape of the line would be similar to 
the original shape, the point A merely being translated to A’. 

If two unit forces are now applied at the free end and in 
directions opposite to the expansions Az and Ay, part of the 
translatory displacements will be restored and the free end will 
undergo a rotary motion resulting in an angular displacement. 
Inasmuch as no angular displacement exists in the original, 
i.e., the fully restrained system, a counteracting moment must 
be applied at the free end to hold the pipe element at point A 
in its position, which in the case illustrated by Fig. 1 is a vertical 
position. 

Let all translatory motions produced by the unit forces be 
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denoted by 6 and all rotary motions by ¢. Give these symbols 
subscripts such that the first indicates the direction in which the 
displacement takes place and the second the direction of the 
unit action (force or moment) causing that displacement. Thus 
6,, Shall denote the horizontal displacement caused by a vertical 
unit force, 4,,, the vertical displacement caused by a unit moment 
at the free end, ¢,,, the angular displacement at the free end 
caused by a unit vertical force, ete. 

If we apply at the free end forces X and Y and a moment M 
which have such intensities as to move point A’, Fig. 1, back to 
A and restore the original position of the tangent at A, it is 
evident that these forces and the moment are identical with the 
actual end reactions. This statement is expressed mathemati- 
cally by Equations [1], in which the sum of all horizontal move- 


és 
ry 7 f 
o 
Ly 
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ments produced by X, Y, and M is made equal to the expan- 
sion Az, the sum of all vertical movements made equal to Ay, 
and the sum of all rotations made equal to zero. 


+ + Mé,, = Az 
+ Yi,, + Ms, = Ay 
+ + Monn = 0 


In Equations [1], Arand Ayareknown. The nine coefficients 
for X, Y, and M represent deflections or rotations of the free 
end of the cantilever due to unit loads or a unit moment and 
can be calculated. Actually only six of these coefficients need 
be computed because, owing to Maxwell’s law of reciprocity, 
= = and Sym = 

In solving Equations [1], slide-rule accuracy is insufficient. 
It is no infrequent occurrence that one set of solutions fails to 
satisfy the equations for the only reason that insufficient signi- 
ficant figures had been developed in solving for X, Y, and M. 
Furthermore, the moments at points between the two supports 
are materially affected by slight changes in the values of the 
end reaction. In applying the principle of the elastic center 
we gain the advantage that only two of the six coefficients in 
Equations [1] need be calculated and that X and Y can be found 
directly from equations which contain one unknown only. In 
the following discussion, statements will be made, the proof of 
which will be found in the latter part of this paper. 

Release one of the two supports, say support A, Fig. 2, and 
connect end A rigidly to a bracket leading to the center of gravity 
O of the line. Let point O be temporarily the support of the 
pipe line. Loads upon the system or expansions within the sys- 
tem will cause point O, if it were free, to move in the same di- 
rection and with the same magnitude as point A if it were free 
to move. The translatory forces required to nullify the dis- 
placements at O have the same intensity as the reacting forces 
at A. The final result, therefore, is obtained by transferring to 
point A the reactions found for point O and adding at A the 
moment caused by the offset of O against A. 

A rectangular-coordinate system is now passed through QO, 


for example y-axis vertical, z-axis horizontal. The reactions 
Y; and X; at O are then assumed to act along y and axis 1-1, 
respectively, where axis 1-1 is inclined to the z-axis at an angle 
a. The angle is so selected as to make axis 1-1 conjugated to 
axis y-y. This means that the product of inertia or moment 
of deviation of the pipe line about axes 1-1 and y-y is zero; or, 
in other words, that the sum of each small element of pipe 
multiplied by its coordinates with reference to these axes is 
zero. These axes are not necessarily principal axes. 
Angle a is obtained from 


where J,, and J,, denote, respectively, the product of inertia and 
the moment of inertia of the pipe line for the rectangular system 
of coordinates; that is, with reference to axes x-x and y-y. 

As a result of these assumptions, the displacements 6 and ¢ 
which carry dissimilar subscripts become zero. Thus, 


= 3,, = 0; = Sms = 0; = Smy = 0 


and Equations [1] change to 


Note that a uniform temperature change causes no moment at 
point O. 

The terms Az, and Ay now denote, respectively, the expansion 
movements of point O in direction of the inclined axis 1-1 and 
in the direction of the vertical axis y-y if O were the end of a 
free cantilever and the terms 5, and 4,, the movements due to 
unit loads acting at O in the direction of these respective axes. 


y 
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Referring to Fig. 3 and denoting the coefficient of expansion 
by c and the temperature change by At, the movements are then 
calculated as follows: 


A'B’ =leosa+l sina 


When both ends of the pipe line are at the same level |, = 0 and 
= lcosa-c: At; and Ay = 0 

The divisor 6 is obtained by summing the products of each 
length of pipe element ds and the square of the distance y, from 
the inclined axis 1-1 measured as shown in Fig. 2 and dividing 
the result by EJ, the product of the modulus of elasticity of the 
material and the moment of inertia-of the cross-sectional area 
of the pipe. The divisor 5,, is obtained by summing the products 
of each length of pipe element ds and the square of the horizontal 
distance z from y-y and dividing the result by EI. 
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FUELS AND STEAM POWER 


It is evident, therefore, that 4,, is proportional to the moment 
of inertia of the pipe line about a vertical axis through the center 
of gravity of the line and that a similar interpretation may be 
given to 5, with the modification, however, that the multipliers 
are the squares of the distances y; from the inclined axis 1-1. 
In both cases the factor of proportionality is 1/EI. Accordingly 


Tn cos? @ 


I denoting what may be called the modified moment of inertia 
about axis 1-1. 

An attempt to calculate J, in accordance with the foregoing 
definition would soon reveal that the apparent simplification 
demonstrated by a comparison of Equations [1] and [3] is offset 
by the necessity of establishing analytical equations for each 
branch of pipe line and the tedious labor of integrating in this 
special case, of non-rectangular coordinate axes. The following 
derivation, however, will show that Jy is obtainable directly 
from a simple transfer formula which contains /,,, ,,, and /,,, 
all referring to the original, that is, rectangular system of co- 
ordinates. 

Referring to Fig. 2 


"= y—ztane 
In = S yids = Sf (y—ztan a)* ds 
= f ytds—2tana ryds + tanta f ds 


The first integral represents the moment of inertia of the line 
about axis z-z, the second the product of inertia about axes 
xr-x and y-y, and the third the moment of inertia about axis 
y-y, so that 


In = I,,—2tanal,, + tan’al,, [6] 
I,,, 1,,, and I,, are all introduced in Equation [6] with positive 
sign. 
Equations [3] can now be written as 
EI Ax, EI Ay 
he (7) 


SumMMARY OF PROCEDURE 


As a result of the foregoing analysis the procedure for cal- 
culating the end reactions may be summarized as follows: 


1 Determine the center of gravity of the pipe line 
2 Calculate moments of inertia /,,, /,,, and product of inertia 
I,, of the pipe line about horizontal and vertical axes 
through the center of gravity of the line 
3 Calculate angle of the conjugated axis from Equation [2] 
4 Calculate modified moment of inertia J, from Equation [6] 
5 Calculate the expansions 
(a) For pipe supports at same level 


Am = At; Ay = 0 
(b) For pipe supports at different levels 
An = (lcos a +h sin a): At 
Ay = l-c- At 
Calculate reactions at center of gravity from Equations [7] 
Calculate horizontal and vertical components of X; 
Horizontal component of X, = X: cos a = X 
Vertical component of X,; = X: sin @ 
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8 Add vertical component of X; to Y; obtaining 
¥ = VY; Xi sin a 


9 Transfer X and Y to left support. 
10 Calculate moment at left support due to the offsets of 
center of gravity to left support A 
11 Calculate moments along pipe line and determine the 
maximum. 
ILLUSTRATION OF PROCEDURE 


The method of procedure is illustrated by the solution of an 
example involving a 6-in., 600-lb standard seamless pipe with 


= 

20'+ 28 ™1 
y 


Fie. 4 


a coefficient of expansion, c = 6.14 in. per 100 ft; a moment of 
inertia of cross-section, ] = 37 in.‘; and a modulus of elasticity, 
E = 25.5 X 10° lb per sq in. The steam temperature is given 
as 750 F, and the room temperature as 60 F. The pipe supports 
are on different levels as shown in Fig. 4. 

1 Center of gravity of pipe line 


27.555 ft from left end; 14.555 ft from bottom 


2 Moment of inertia about axis z—z 
18° 
T,, = (12 X 2.555?) + ry + (18 X 6.445%) | + (20 X 15.445?) 


+ (30 X + (28 X 14.5552) = 14,270.667 


Moment of inertia about axis y—y 
123 
ig @ E + (12 X 21.5555 | + (18 X 15.555?) 
20% 
+] 55 + 20 x 5.5554) | + (80 x 4.445%) 


3 
+ E + (28 X 15.458 | = 23,306.67 


Product of inertia 
ly = (12 X —2.555 X —21.555) + (18 X 6.445 xX —15.555) 


+ (20 X 15.445 X —5.555) + (30 X 0.445 x 4.445) 
+ (28 X —14.555 X 18.445) = —10,317.333 


3 Angle of conjugated axis 


—10,317.333 
23,306.667 


zy 


I = —0.4426 


tan a = 


a = —23 deg, 52 min, 30 sec. 
4 Moment of inertia about conjugated axis 


In = I,,—2 tan al,, + tan’? al,, 
= 14,270.667 — 9123.903 + 4565.776 = 9703.54 


COS* 
5 = —— *ds 
ty 
‘ 
he 
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5 Projected length of pipe line and expansions 


leosa + sina 
54.87 + 4.856 = 59.726 ft 


25.5 X 10° X 37 _ 6.14 
144 12 “ 100 


25.5 X 10° X 37_ 6.14 12 
144 12 * 100 
EI An 2,002,390 
cos? a In 0.8363 X 9703.54 


EI Ay 402,315 _ 
~ 23,306.667 


X, cos a = 246.75 X 0.9145 = 225.65 Ib 


+ Xi sin @ = 17.26 + (246.75 X 0.4047) 
= 117.12]b 


59.726 


= 2,002,390 


402,315 


= 246.75 lb 


17.26 lb 


8 Y 


9,10, and 11 Bending moments 

at A (225.65 X 2.555) + (117.12 27.555) 
B (225.65 X 2.555) + (117.12 x 15.555) 
C (—225.65 X 15.445) + (117.12 x 15.555) —1663 ft-lb 
D (—225.65 X 15.445) + (—117.12 x 4.445) = —4006 ft-lb 
E (225.65 X 14.555) + (—117.12 K 4.445) = +2764 ft-lb 
F (225.65 & 14.555) + (—117.12 X 32.445) = — 516 ft-lb 


= +3804 ft-lb 
+2397 ft Ib 


DERIVATION OF EQuaATIONS 


It has been stated that Fquations [1] change into Equations 
[3] if the support is transferred to the center of gravity O of 
the pipe line and the reactions assumed to act along a vertical 
axis y-y and its conjugated axis 1-1. This means that all 
coefficients carrying dissimilar subscripts in Equations [1] 
become zero. The proof of this follows: 

If m; and m, denote the moments produced by loads of 1 pound 
acting, respectively, along axes 1-1 and y-y, and 3,,, is the 
horizontal movement and 4,,, the vertical movement of point 
O produced by a unit moment at O, then from the theory of 
elasticity 


and 


From Fig. 5 it is evident that m, = 1 lb y, cos a, andm, = 1 


lb z also m = 1 ft-lb (if z and y are in feet). 
Hence, substituting these values in Equations [8] and [9] the 


following are obtained: 
COS @ 1 
The products under the integral represent the statical moments 
of the pipe line about the two axes. Inasmuch as these axes 
have been selected to pass through the center of gravity, the 
statical moments are zero. Therefore, the expressions 4,,, and 
5ym are both zero for these conditions. Since, by the law of 
reciprocity of deflections and angular changes 3,,, = {,,, and 5,, = 
Smy, the terms ¢,,, and ¢,,, are both also zero for the conditions 

selected. 


Taking now the terms 6,, and 4,, and referring to Fig. 5, from 
= 


the theory of elasticity, 
COS 


The term under the integral represents the product of inertia 
of the pipe line with respect to the two selected axes. By choosing 


ds = 
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axis 1-1 to be a conjugated axis of y-y the product of inertia 
may be made zero and therefore both 5,, and 5,, made zero. 
Referring to Fig. 5 it is seen that y, = y * ztan a. Therefore, 
from Equation [10], 


a)ds = 0 


ily 
d z* ds 

The last derived equation is Equation [2]. From the above 
it will be seen therefore that by selecting the two axes as indicated 
Equations [1] are transformed into Equations [3]. 

Returning again to Fig. 5 it is seen that 


From which tan a = 


i. = xz? ds 


EI EI 
The term under the integral is the moment of inertia of the 
pipe line with respect to the y-y axis. Therefore, 


El Ay _ ElAy 
~ Sxtds 


ad 
cos? 
~ 


The term under the integral is the moment of inertia of the 
pipe line with respect to axis 1-1. Therefore, 


EI Ax; EI Ax, 
costafyids  costaly 


The authors have prepared a number of additional problems of 
typical pipe lines containing quarter bends or sloping branches. 
Their solutions as well as the appendix are available upon request 
either to the authors or to the society headquarters. 
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The Loading and Friction of Thrust and 
Journal Bearings With Perfect 
| Lubrication 


By H. A. S. HOWARTH,' PHILADELPHIA, PA. 


The author brings together here for the first time im- 
portant formulas and charts that have been offered by 
bearing analysts in this field during the past fifteen or 
twenty years. Some new material is added for complete- 
ness, and some references made to earlier fundamental 
work. Descriptive matter that accompanied the original 
publication of the charts and formulas has been elimi- 
nated as far as practicable. Improved charts derivable 
from earlier ones, and the rearrangement of others will, 
it is hoped, prove more useful to the designing engineer 
than the original publications. The net result is a concise 
summary of valuable information. 

In order that the reader at the beginning may have a 
fair idea of what is to be found and where in this paper, 
an explanation of the contents follows: 

The first section dealing with journal bearings begins 
with a concise illustrated description of their several kinds. 
The side-leakage chart is then explained because from 
its curves are obtained the correction factors that are 
necessary for the proper application of the subsequent 
material to the solving of journal-bearing problems. 

Optimum conditions for journal bearings of three 
classes are shown by charts, tables, and formulas. The 
titles, captions, and notes on these pages are intended to 
be sufficient explanation. 

General conditions for journal bearings of several classes 
are next shown by a series of charts which are accompanied 
by the necessary textual explanation. 


JOURNAL BEARINGS 


OR THE purpose of analytical study, journal bearings 
F may be separated into several groups that approximate 
the forms that are used or should be used. The broadest 
divisions are (a) clearance bearings, and (b) fitted bearings. 
Clearance bearings are those in which the bearing has a larger 
radius of curvature than the journal. The angular extent 8 
to which the useful bearing surface surrounds the journal de- 
termines whether the bearing is full or partial. The full bearing 
completely surrounds the journal and 8 = 360 deg. Partial 
bearings are usually less than 180 deg and probably average 


1 Vice-President and General Manager, Kingsbury Machine Works, 
Philadelphia, Pa. Mem. A.S.M.E. H. A. Stevens Howarth was 
graduated from Yale University in 1899 with honors in mechanical 
engineering. Several years of practical experience with steel mills 
and manufacturing were followed by teaching of mechanical engi- 
neering subjects at Lehigh University and Carnegie Institute of Tech- 
nology. In 1914 Mr. Howarth became associated with Albert Kings- 
bury, in his thrust-bearing business, and in 1917 became general 
manager and chief engineer. He continued in the same position and 
business with the Kingsbury Machine Works, formed by Dr. Kingsbury 
in 1921 and incorporated in 1925. In 1928 he became vice-president 
and general manager. The present paper is the second of a group 
planned to simplify for designers the various analytical studies of 
bearings published by Albert Kingsbury, and other members of his 
organization, including the author. The first paper of this group 
was published in the A.S.M.E. Trans., vol. 56, 1934, paper MSP-56-2, 
p. 891. 


Thrust-bearing loading and friction data follow the 
charts for general conditions for journal bearings. They 
refer only to Kingsbury thrust bearings, which are made 
with freely pivoted shoes supporting a thrust collar having 
an unbroken flat surface. Data are given only for a single 
set of such surfaces having six pivoted shoes. 

The appendixes, of which there are five, contain de- 
scriptive matter, the reading of which will help the reader 
in understanding the first section of the paper. Appendix 
A contains the symbols and their explanation. Appendix 
B gives a number of examples together with their solu- 
tions, which explain applications of the charts. These 
are by no means exhaustive. Appendix C discusses viscous 
flow in general, the viscosity coefficient, the relation be- 
tween viscosity and friction, and gives useful formulas for 
several kinds of viscous flow useful to those dealing with 
bearing problems. Conversion factors are given for several 
units of absolute viscosity. The symbols for these 
formulas differ in some respects from those in Appendix 
A. Appendix D contains an explanation of perfect lubri- 
cation as it occurs in bearings, and covers such headings 
as tapered oil film, side leakage, film thickness, viscosity 
change within film, the flat-wedge film, the curved-wedge 
film, optimum conditions, deviations from optimum. 
This is a valuable introduction to the charts in the body 
of this paper. Appendix E is a bibliography of the tech- 
nical literature referred to in or forming parts of the 
paper. 


about 120 deg. Characteristics of partial bearings are given 
in the charts for a wide range of useful angles 8. 

Fitted bearings are those in which the journal and bearing 
have the same radius of curvature. Such a bearing must have 
an angular extent 8 less than 180 deg and preferably much less. 
The characteristics of such bearings are given only up to 8 = 
150 deg. 

The direction in which the load of the journal is applied to 
the bearing, with relation to the angular limits of the bearing 
surface, is of considerable importance to the analytical study. 
This leads to a division of partial bearings into (a), centrally 
loaded and, (b) eccentrically loaded. That there may be different 
degrees of load eccentricity of the latter is seen by comparing 
Classes A with D, and B with £, given in the journal-bearing 
classification which follows. 

Centrally loaded bearings have their angular extent 8 divided 
into two equal parts by the line of action of the applied load. 
In such bearings the leading angle a equals 8/2. 


Contributed by the Machine Shop Practice Division for presenta- 
tion at the Semi-Annual Meeting, Cincinnati, Ohio, June 19 to 21, 
1935, of Taz American Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y. and will be accepted 
until July 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Cuart C-5 GENERAL ConpDITIONS OF CENTRALLY LOADED JOURNAL BEartnes (CLass C) Runnina CLEARANCE. 


Eccentrically loaded bearings have their angular extent 8 
divided into two unequal parts by the line of action of the applied 
load. The leading angle a is that portion of the angular extent 
8 passed over by a point on the journal as it rotates from the 
edge of the bearing to a position directly under the load. The 
ratio of a/8 may vary considerably when bearings are in service, 
because designers do not always need to trouble themselves to 
analyze individual bearings. There are, however, some ratios 
that are better than others. 


JOURNAL-BEARING CLASSIFICATION 


The bearings whose optimum and general characteristics 
are given in the accompanying charts and tables may be divided 
into Classes A to F. The sources of data available for each class 
are given. 

Class A. In Class A are found the special series of eccentrically 
loaded partial bearings with running clearance that Dr. Kings- 
bury found to be best. In this class the values of a/8 vary 


Sipe LeakaGe NEGLECTED 


not only for various values of 8 but they are different for the two 
optimum conditions studied by him. In all cases, however, 
the a/8 ratio is appreciably greater than 8/2. 

Optimum conditions for this class are given for bearing angles 
6 varying from 0 to 360 deg, in the figures, charts, and Tables 
A, A-1, A-2, A-3, and A-4. The letter A is used in every case 
to identify the class. This must not be confused with the symbol 
A. The data are reproduced from the work of Dr. Kingsbury 
(5).? 

Class B. In Class B are found the special series of eccentrically 
loaded fitted partial bearings that Dr. Kingsbury found to be 
best. The values of the ratio a/8 vary not only for various 
values of 8 but they are also different for the two sets of optimum 
conditions studied by him. In all cases the a/8 ratio is appre- 
ciably greater than 3/2. 

Optimum conditions for this class are given for bearing angles 

2 Numbers in parentheses refer to Bibliography at the end of the 
paper. 
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8 varying from 0 to 150 deg in figures, charts, and Tables B, 
B-1, B-2, B-3, and B-4. The data are reproduced from the 
work of Dr. Kingsbury (5). 

Class C. In Class C are found partial bearings of the centrally 
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loaded clearance series whose characteristics were studied by 
Dr. Kingsbury and by the author. The nominal values of 
a/B always equal 6/2. 

Optimum conditions for this class are given for bearing angles 
8 varying from 0 to 180 deg, in figures, charts, and Tables C, 
C-1, C-2, C-3, and C-4. The data are reproduced from the 
work of Dr. Kingsbury (5). 

General conditions for this class are given in Chart C-5, which 
has been prepared by the author from his earlier work (7) and 
made more usable. 

Class D. In Class D are found the special series of offset 
(eccentrically loaded) partial bearings with running clearance 
whose characteristics were presented by the author in his graphi- 
cal analysis (7). This series differs a little from Class A. 

General conditions for this class are given in Charts D-1 and 
D-2 for bearing angles 8 varying from 60 to 180 deg. Chart 
D-2 is more usable than the original previously published (7). 

Class E. In Class E are found the special series of eccentrically 
loaded fitted partial bearings that the author described in his 
earlier work (7). The values of a/8 vary for different bearing 
angles 8. This series differs a little from Class B. 

General conditions for this class are given for bearing angles 
8 varying from 60 to 120 deg, in Chart E-1. This chart is re- 
produced in improved form from earlier work of the author (7). 
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On this chart are also shown by dotted lines some of the optimum 
conditions determined by Dr. Kingsbury. It should be noted 
here that for a fitted bearing the general conditions and the 
optimum conditions are the same for a given bearing or series 
when considered from the same point of view. This is true 
because there is no running clearance to introduce the question 
of eccentricity. 

Classes ACD. The designation, Class ACD, has been used for 
a study made by the author of all classes for a single bearing 
of angular extent 8 = 120 deg and having running clearance (8). 

General conditions as to capacity only (no friction data are 
given) are shown in Chart ACD-120. An immense amount of 
data on the 120-deg-clearance bearing are given on this chart, 
which is presented in improved form. 

Class F. The designation, Class F, has been applied to full 
bearings, which must of course have running clearance. Such 
a bearing is a limit for the angle 8 to approach as will be seen 
by examining the optimum charts and tables given by Dr. Kings- 
bury for Class A. Hence, those charts and tables for values of 
8 = 360 deg should be looked upon as optimum for the full 
bearing, especially if there be one common groove for oil supply 
and discharge located at the limits of the film. 
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E-1 ConpiTions ror EcCENTRICALLY LOADED 
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General conditions for the full bearing are given in Chart F-1 
in an approximate manner only because no one has yet been 
able to produce a continuous film in such a bearing, with all 
pressures positive. In Chart F-1, therefore, the load-carrying 
portion of the film is assumed to be 180-deg long and to have 
the load-carrying characteristics of a 180-deg offset partial bear- 
ing of Class D. For friction, however, the film is assumed to be 
that of a perfect full bearing. This is an approximation and is 
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«For horsepower equivalents of total friction for the journal, multiply 
(Apply these factors as shown in Table K.) 


2 by the seale reading obtained from the use of the 


total-friction curve and the right-hand vertical scale. To allow for side 
leakage multiply by #1 taken from Chart KX for 8 = 180 deg.) 
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probably near enough to the correct value, for estimating pur- 
poses. 


CorreEcTION Factors FoR LEAKAGE 


Correction factors for the influence of side leakage upon load 
capacity and upon friction are obtainable from Chart KX. 
These are reproduced from Plate X in Dr. Kingsbury’s paper (5). 

These factors apply to optimum film proportions as deter- 
mined by Dr. Kingsbury but they will be reasonably dependable 
when applied to film forms not far different from optimum. 
Even when applied to abnormal conditions they tend to bring 
the results toward the correct values, and are usually on the 
safe side. 

If the influence of side leakage upon capacity and upon friction 
were neglected in the solving of bearing problems, the information 
obtainable from Dr. Kingsbury’s optimum-loading and friction 
charts and from the author’s general charts would not agree 
well with actual conditions determined by reliable tests. 
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Fic. 1 Optmrum 120-DeGc Crntrrat BEARINGS FoR MINIMUM 


COEFFICIENT OF FRICTION 


(Side-leakage factors obtained by comparing the actual capacities for various 
values of with the capacity at infinite width when c = 0.4904.) 


The use of the correction factors is explained by Dr. Kings- 
bury (5) as follows. ‘‘In the dynamical tables and curves”’ (see 
charts and tables for Classes A, B, and C) “the numerical coeffi- 
cients are for the infinitely wide conditions (under which the 
side-leakage influence is negligible). Thus, for correction for 
bearings of finite width and given length/width ratio, these 
(numerical) coefficients are to be multiplied by the proper 
correction factor (from Chart KX) as below.” If the symbol 
group in the dynamical table or chart contains the symbol or 
set of symbols tabulated in Table K, the corresponding numerical 
value of the group, in the dynamical table or chart, must be 
multiplied by the corresponding correction factor in Table K. 
The numerical value of the correction factor must be found from 
Chart KX by applying thereto the actual developed proportions 
of the useful film of the bearing being studied. See examples in 
Appendix B. 

The side-leakage effect upon a 120-deg bearing of Class C 
was given special study by S. J. Needs (15) following a suggestion 
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by Dr. Kingsbury (5) that the optimum film form of a narrow 
bearing would be different from that of a wide one. Needs 
found this to be true for the 120-deg Class-C bearing. He also 
found that negative pressures occur near the trailing end of a 
narrow 120-deg bearing earlier than would be expected if side 
leakage were negligible, thereby making them equivalent to 
eccentrically loaded bearings of angular extent less than 120 deg. 

A study of these results since made by Needs has yielded a 
special chart, Fig. 1 herein, that may be used for obtaining cor- 
rection factors and also optimum eccentricities for this 120-deg 
Class-C bearing, that may be used with the charts and tables 
of optimum and general conditions herein for the solution of 
bearing problems, particularly those with length/width ratios 
greater than 1.5. 

Thus we now have two charts from which the correction 
factors of Table K may be obtained. Those in Chart KX are 
on the safe side and applicable to all optimum bearings. Those 
in Fig. 1 all apply directly to the 120-deg centrally loaded clear- 
ance bearing, and they also indicate that the capacities of 
narrow clearance bearings in general do not fall off as rapidly 
by becoming narrower, as Chart KX would indicate, if the 
eccentricities are allowed to increase in the manner indicated by 
Fig. 1. 


THe LOADING AND FRICTION OF JOURNAL BEARINGS 


The charts here presented give the optimum and general 
characteristics of several useful forms of journal bearings that 
are described under “Journal-Bearing Classification.” The 
headings and captions and notes on each set of charts are as 
complete as believed necessary to facilitate their use after the 
reading of the introductory pages of this paper. 

The viscosity coefficient » is assumed to have a constant mean 
value throughout the film. Although this is not in accordance 
with the facts, it is found to be satisfactory for the solution of 
bearing problems and has been so stated by several investigators, 
including Boswall and Kingsbury. 

The charts and tables of bearing characteristics were all 
prepared under the assumption that the bearings were finite 
parts of infinitely wide ones and that, therefore, the flow of oil 
in the film was only in the planes of the direction of rotation. 
Therefore, the charted and tabulated data represent upper limits 
of load that a bearing film may carry, and the corresponding 
friction. Therefore, the correction factors must be applied to 
the ideal values to bring them in line with the actual capacities 
of bearings of finite width for which side leakage becomes more 
and more important as the length-width ratio increases. 

Although Dr. Kingsbury’s optimum conditions for Classes 
A, B, and C show ideal relations of viscosities, clearances, eccen- 
tricities, loads, and load directions, the designer may want to 
know how far wrong he is in some particular design that deviates 
from those optima. In one important case, Class C, the journal 
bearings examined by the author for general conditions are 
identical with those whose optima were found by Dr. Kingsbury. 
It was therefore possible to add a series of points to the general 
conditions, Chart C-5, to show the relation thereto of Dr. Kings- 
bury’s optima. Three dotted curves are drawn marked by 
symbol groups preceded by the letters C,F,O. These letters 
mean Class-C friction optima. For a complete discussion of this 
comparison see Appendix D on perfect lubrication in the sections 
on optima and deviations from optima. 

Chart ACD-120 yields so much loading information about all 
classes of 120-deg clearance bearings that it may be used for 
studying the influences upon running position, of various changes 
in design proportions such as the a/§ ratio and the clearance 
ratio n/a. Side-leakage-correction factors may be applied to 
this chart as in Example 4, Appendix B, but only for Z, as in 
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po = wly. The farther one departs from good film proportions 
the less reliable will be the Z, factor taken from Chart KX. In 
such cases Fig. 1 should be kept in mind. 

Chart ACD-120 also gives the angular location @, of the maxi- 
mum oil pressure in the film. 

The optima of Dr. Kingsbury for this bearing appear only as 
four points. Those for the Class-A bearing are marked ALO and 
AFO, for maximum-load and minimum-friction coefficient, 
respectively. For Class-C bearings they are marked CLO and, 
CFO. These afford the user a way to tell how nearly optimum 
are his actual conditions. 

When operating conditions are such that the Chart ACD-120 
shows negative pressure is likely to appear at the trailing end of 
the bearing it is best to study such bearings as if they were of 
the eccentrically loaded Class A, or of the offset Class D, in either 
case with a leading angle of a = 60 deg, letting the trailing angle 
(8 — a) be determined by the class used. See Example 5 in 
Appendix B. 

In Chart F-1 for full bearings they are treated as half bearings 
so far as carrying capacity is concerned, but as full bearings so 
TABLE 1 THRUST-BEA FOR FREELY PIVOTED 


(Viscosity coefficient = 3.4 X 10-* Reyn, lb-sec per sq in.) 


SURFACE SPEED, FEET PER SECOND, = Y/;2 

10 60 Oo | 100 [120 | 140 

CAPACITY, POUNDS PER SQUARE FACE 

ANO MINIMUM FILM THICKNE SS.INCH 
1210 | 1440 | 1590 | 1710 | 18/0 | 1890 | 1960 
6 |.00047 |.00061 |.00079 |.00092 | 00102 |. 00/12 00126 
5750 6850 7550 | 8150 8600 000 | 9350 
00079 |.00/03 |.00/19 Loors2 00145 00163 
12,000 | 14,300 |1 7,000 118.750 120,200 12/,400122 400 [23,200 
0 _|.00092 |.0019 |.00/38 |.00/54 |.00/68 |.00/80 |.00/92 | 
3,000 | 27, 400132, 500} 36,000 138,600 | 40,900142,800 144,500 
00079 | .00/02 |.00/33 |.00/55 00/88 | .0020_|.002/5_ 
38,000 | 45,200 | 53,500 59,500 |64,000 |67,500 176, 700 | 73,500 
00086 |.001/2 |. 00/45 |.00/68 00205 |.0022 |.00235 | 
57,200 |68.000 | 8/,000 | 89, 500 | 96,500 | 102,000) 106. 500] 111,000 
00092 |.001/9 |.00/55 | |.00/80 | 0020 |.0022 |.00235 |.0025 
81,000 | 96,000 |1/4, 500] 126, 500|/ 36,000 | 4 4,000|/50,000 |/56,000 
98 |.00/27 |.00/63 |.00190 0023 |.0025 |.00265 
7/,000|/84, 000 
00/72 | |.0022 |.00245|.0026 |.0028 
201,0001222,000]239, 000|252,000|264,000|274,000 
|. 00/08 00190 |.002/ |.0023 _|.00255| .0027 |.0029 

181,000 #15, 9001383 200304 600 321,000 1336,0001350, 

00145 | 00/88 |.0022 |.0024 | 00265|.0028 


. 00103 |.00/33 
142,000 


FOR AVERAGE PROPORTIONS OF THRUST BEARINGS, d*3b 
FOR ANY RATIO OF bTOd, iF l= b THE BEARING AREA 
WILL TOTAL 6#1* FOR SiX SHOES, AND THE TOTAL CAPACITY 
WILL BE THAT IN THE TABLE TIMES THE NUMBER OF SHOES 


TO FIND THE FEET PER SECOND FROM THE R.PM 
YU, TON 
12° 12*60 

TABLE 15 BASED ON ASSUMPTION THAT = b. 


FOR OTHER PROPORTIONS MULTIPLY THE TABULAR 
LOAD BY THE CORRECTION FACTOR IN TABLE AT LEFT 


* TABLE IS BASED ON DATA GIVEN IN BULLETINS ON KINGSBURY 


THE UPPER VALUE IS THE CAPACITY ANDO THE LOWER ONE /S THE 
MINIMUM FILM THICKNESS~h, 


| 
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LOADED PLATE 
| RIDING ON A FILM OF OIL. 
= THE LENGTH OF THE PLATE 1S 
OR ANO THE WIDTH 1S 


SCALE FORK 
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FRICTION CORRECTION FACTOR K 
FOR FLAT BEARING FACES. 


far as friction is concerned, the running position of the journal 
for the latter being established by applying the first assumption. 
The load-capacity curve of Chart F-1 was taken from Chart D-2 
for the 8 = 180-deg offset series because the pressure film is 
not apt to be greater than 180 deg in extent. Experiments by 
Stanton (16), Bradford (17), and McKee (18) might lead one to 
expect shorter films than 180 deg for some conditions. Hence, 
if a 8 value of 100 deg is to be expected, the charts and tables for 
Class D may be used to estimate the capacity and the eccentricity. 
Then Chart F-1 can be entered with that eccentricity, and the 
approximate total friction and horsepower loss estimated. Care 
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must be exercised not to use the friction-coefficient curve on 
Chart F-1 with any other line than the load-capacity line on 
Chart F-1. See Example 7 in Appendix B for application of 
side-leakage-correction factors to full-bearing problems. 

The data available from the charts and tables of this paper, 
and the problems solved in examples of Appendix B depend 
entirely upon absolute-viscosity coefficients. No ready means 
are offered herein for converting absolute into commercial vis- 
cosities or vice versa. For such conversions the reader is referred 
to a recent paper by the author (20) entitled “Current Practice 
TABLE 2 CAPACITY, POWER LOSS, AND COEFFICIENT OF 

FRICTION —KINGSBURY THRUST BEARINGS 
(6 shoes, 51-deg subtended angle, viscosity = 3.4 X 10-* Reyn) 


1350 LB,/SQ.IN. PRESSURE, SHOE SPEED | coer or 
OUTER DIA. BORE = '/2 OF OUTSIDE DIA. SPEED FACTOR FRIC TION 
FOR 
pr | (REM) | power AT 35048/Sa IN 
INCHES | POUNDS Loss | PRESSURE 
4,380 .0128 50 -354 .00069 
6,300 _| 0220 60 .465 - 00076 
7 8,600 .0350__ | g0 | .716 000868 
8 11,200 0522 100 1.00 00098 
9 14,200 0744 120 | 1-32 
WW? 19,300 18 | 160 | 2.02 00/2 
12 25,200 | 176 | 200 | 263 | 
| 39.500 | 344 | 250 | 3.95 00/6 
17 50,800 501 E 5.20 0017 
2/ 77,300 -944 | 400 | 800 0020 
| 25 __| 9,500 00 | 11.2 0022, 
29 147,500 "249 600 | 147 0024 
33 191.000 | 366 | 720 22.6 0028 
| 5.17 1000 003! 
| 355000 | 930 1250 | 44.2 0035 
53 493,000 | 15.2 1500 | 0038 | 
6/ 652.000 23.2 2000 | 894 0044 
73 935,000 39.7 3000 | 164 0054 
PRESSURE |\CORRECTION FACTOR 
LB. PER FOR COEF. 
SQ.IN. OF FRICTION 
100 
250° ___-85 
300 93 
350 1.00 
1.07 
500 119 


in Pressures, Speeds, Clearances, and Lubrication of Oil-Film 
Bearings,” Trans. A.S.M.E., Vol. 56, 1934, paper MSP-56-2, 
p. 891. 


THE LOADING AND FRICTION oF KincsBury Turust BEARINGS 


Although loading tables for thrust bearings have been pub- 
lished in bulletins issued by Dr. Kingsbury describing their 
design and construction, this paper will deal more with their 
theoretical aspects, and will include the data on their friction 
losses. See Appendixes C and D for a discussion of the funda- 
mental ideas involved. 

Loading of Thrust Bearings. It is found from the study of 
film forms that a certain one may be looked upon as productive 
of the least friction, and that the minimum film thickness is a 
proper criterion for bearing safety. Because of the difficulty 
involved in measuring film thicknesses, very little of this has 
been done. That little, however, has indicated that the mathe- 
matical theory is practically correct. It is reasonable, therefore, 
to build up a basic loading table and to mark upon it the mini- 
mum film thicknesses that are to be expected under the condi- 
tions set forth. Table 1 is based on the experience and practice 
of Dr. Albert Kingsbury, inventor of the pivoted-shoe thrust 
bearing, and is supplemented by data derived by means of the 
mathematical theory of lubrication. 

Table 1 is for average thrust bearings used for steam turbines, 
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centrifugal pumps, ordinary industrial machinery, marine pro- 
pulsion, and hydroelectric units, where the oi] is not heavy. 
At operating temperature the viscosity coefficient of the lubricant 
is assumed to be about 0.23 poise. This is equivalent to 23 
centipoises or 3.4 X 10-* Reyn. The commercial viscosity 
equivalents (when the basic specific gravity = 0.875) are 125 
sec Saybolt universal, 110 sec Redwood No. 1, and number 3.7 
Engler. 

The decimal values, below the capacity figures, are the corre- 
sponding approximate estimated minimum film thicknesses, on 
the median line of the shoe at the trailing edge, when the pre- 
viously described oil is used. The viscosity given is assumed to 
be the mean value within the film. The bath viscosity or supply 
viscosity must be higher by an amount which may be estimated 
approximately. 

The load-correction factors for various shoe-face proportions, 
are based on a study of side leakage which is discussed in Ap- 
pendix D. 

Friction in Thrust Bearings. In a letter to the editor of 
Mechanical Engineering, April, 1927, the author presented a 
formula for the friction coefficient for a perfectly lubricated 
surface moving upon tiltable rectangular shoes, with straight- 
line motion. This is approximately the condition under which 
the Kingsbury thrust bearing operates, and is deducible from 
the equations of Osborne Reynolds. The symbols for this 
formula which follows are defined in Appendix A, the notations 
differing somewhat from the original. 


X — 


The factor k is so applied as to yield a coefficient of friction 
that takes side leakage of oil into account. The relation of this 
factor to the length/width ratio of the bearing shoe faces is given 
in the curve in Table 1. This curve is based upon data published 
by Michell (9). When there is no side leakage k = 1. See also 
the discussion “Side Leakage Reduces Capacity” in Appendix D, 
and the Kingsbury Chart KX in the text of this paper and com- 
pare curve for F,/Iy. 

Power Losses in Thrust Bearings. Table 2 gives the relations 
between capacity, speed, and friction, for Kingsbury thrust 
bearings of various sizes, when the mean viscosity of the oil in 
the bearing films is 3.4 X 10-* Reyn. The //b ratio of the shoes 
for these tables is 4/3 and the outer diameter of the bearing is 
4/3 times the mean diameter. For such a bearing the net area 
of the segments in square inches, there being six, is one-half the 
square of the outer diameter in inches. The friction coefficients 
and power losses are calculated upon the assumption that the 
correction factor for side leakage isk = 1.6. By a study of the 
formula for \ one may readily make corrections for other condi- 
tions than for those assumed. 


Appendix A 


An effort has been made to standardize the symbols used in the 
text of this paper so that a given character will have the same 
meaning throughout for journal bearings and a corresponding 
meaning for other bearings. The symbols used are in most 
cases those appearing in Dr. Kingsbury’s paper (5). When 
comparing the present work with original source material care 
must be used to avoid confusion of symbols. 


NOMENCLATURE 
a = radius of the journal? 


* Exceptions occur in Appendix C on ‘Viscous Flow” for which 
the symbols are described by the figures and at end of that section. 


A 
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least angle from line of centers to leading edge of partial 
bearing, measured in direction of rotation. See ex- 
ception in study of fitted bearings, Fig. B 

width of bearing surface; measured along the shaft 
axis in a journal bearing, or in general at right angles 
to direction of motion 

eccentricity factor. When multiplied by the radial 
clearance » the product cn equals the distance from the 
center of the bearing to the center of the journal 

the total tangential friction force per unit width of the 
moving surface, at the surface of the journal, or at 


‘mean diameter of a thrust bearing! 


correction factor for friction, with side leakage 

film thickness at any angular position @ in journal 
bearings, or any distance z for flat tapered films. For 
fitted journal bearings h = «¢ sin @. For clearance 
journal bearings h = (1 + c cos @) 

minimum thickness of the oil film in a bearing. Ex- 
ception: When the line of centers for a clearance 
bearing does not intersect the partial bearing surface, 
ho is measured where the bearing surface if extended 
would cross that line 

thickness of the oil film at region of maximum pressure 
thickness of oil film at entering edge of the bearing 
film if less than h,, 

film thickness at trailing edge of partial clearance 
bearing, when greater or less than ho 

maximum thickness of the oil film 

horsepower friction developed by a journal bearing or 
a thrust bearing per unit of bearing width 

horsepower 

the length of a bearing face in the direction of motion. 
In a partial journal bearing, whose angular extent 8 
is expressed in degrees, 1 = r8a/180. This is useful 
for determining the length over width ratio 1/b used 
for selecting side-leakage-correction factors 

correction factor for load-carrying capacity, with side 
leakage 

rpm 

number of pivoted segments in a thrust bearing 

center of curvature of journal when running on oil film 
center of curvature of bearing surface supporting the 
journal 

pressure within the oil film where the thickness is h 
nominal mean pressure acting upon the bearing. In 
journal bearings this is obtained by dividing the total 
applied load by the product of the journal diameter 
and bearing width (axial). This is also expressed by 
dividing the load W (per unit of width) by the journal 
diameter 2a. In thrust bearings p) = R/nlb. See 
Table 1 


P,, or Pmax = maximum pressure within the oil film of a 


bearing 

total load applied by the journal to the bearing, or by 
a collar to a thrust bearing 

total reaction of the bearing against the journal 

a film-form dimension in Fig. 9 

time, sec 

distance apart of plane surfaces. See Appendix C and 
Figs. 2 to 4 

velocity of any element of viscous flow, within the film 
relative velocity of the bearing surfaces. In thrust 
bearings it is measured on the mean diameter 
nominal mean unit load a bearing would carry if side 
leakage could be neglected. See po. Their relation is 
Po = Lyw 


the 
b 
4 
he = 
we Pe 
0 
= 
Py 
Po = 
ate 
u 
é 
+ 
‘ 


MACHINE-SHOP PRACTICE 


W = actual load applied by a journal to its bearing, per 
unit of width (axial) = R/b 
= character expressing the viscosity coefficient in centi- 
poises. See Appendix C 
a@ = leading angle for partial bearing, measured in direction 
of motion of journal from leading edge of bearing to 
line of action of the load 
8 = angular extent of the bearing surface over which perfect 


film lubrication is assumed to be maintained. Usually 
expressed in deg 

€ = eccentricity of journal axis when running in a fitted 
bearing 

» = radial clearance provided in a clearance bearing. 


When a = the journal radius, (a + ») = radius of 
curvature of a bearing surface, and cn = eccentricity 
with which the journal axis runs in such a clearance 
bearing 


@ = angle from diameter through line of centers, to point 
within oil film of a journal bearing where thickness is 
h. See exception in study of fitted bearing, Fig. B. 

& = angle @ corresponding with location of maximum unit 
pressure within the oil film 

\ = coefficient of friction for the journal surface. In 
thrust bearings this is the coefficient for the mean 
diameter of the thrust-collar face 

\’ = coefficient of friction for the bearing surface 

\w = uncorrected coefficient of journal friction in charts of 
general conditions for journal bearings. = 

1 
uw = coefficient of viscosity. See Appendix C 
¢@ = angle relating load line to line of centers of journal and 


bearing in charts of optimum conditions. 
cross-sections, Figs. A, B, and C 

éy = angle relating load line to line of centers of journal 
and bearing in charts of general conditions. See 
bearing cross-sections, Figs. Cy, D, E, ACD, and F 


See bearing 


Appendix B—Examples 


Example 1. Required, a bearing of Class A, of minimum 
friction, to support a load of 25,000 Ib at 1500 rpm, with ho = 
0.003 in., and with 200 lb per sq in. on the projected area of the 
journal. 

This requires a projected area of 125 sq in. Assume for this 
example that b/a = 3, i.e., that the width of the bearing (6) will 
be 1.5 times the journal diameter (2a). The projected area being 
2a*(b/a) = 125, it follows that a = ./(125/6) = 4.564in. This 
radius may or may not be sufficient for strength in bending or 
in torsion, or both; but it will be assumed that it is sufficient. 

Referring to Chart A, the least horsepower loss (per unit of 
width b) when b/a = 3, is incurred when 8 = 153.6 deg (2.68 
radians), for which the value of group WNho/HP is 16,900. As 
the ratio of load to power loss is the same for the whole width as 
for unit width 


25,000 X 1500 X 0.003 
16,900 


This does not include losses in any clearance spaces outside of 
the film are 8. 

The clearance » (see Chart A-3, curve 7) for 8 = 153.6 deg 
is found from the height to the curve, which is 1.72. This is 
the value of group 7 in Table A-3. Hence 7 = 1.72 ho = 0.00516 
in. The bore diameter of the bearing is therefore larger than 
the 9.128-in. diameter of the journal by 2 X 0.00516 = 0.01032 
in., which makes it 9.138. The clearance ratio /a is therefore 
0.00113. 


total power loss (HP X b) = = 6.66 hp 
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In order to determine the required oil-viscosity coefficient 


it is necessary to determine the correction factors. This may 
be done as follows: 


The arc length of the bearing surface, 1 = 2.68 X 4.564 = 12.23 in. 
The width b = 3.00 X 4.564 = 13.69 in. 


The ratio 1/b is therefore 0.893. By reference to Chart KX, 
several correction factors which may now be determined are: 
L, = 0.487; F, = 0.916; and L,/F, = 0.532. The required 
mean viscosity in the oil film may now be determined from 
group 10, Table A-4 and curve 10, Chart A-4. For the in- 
finitely wide bearing and 8 = 153.6 deg, the height of curve 10 
measures 0.117. To this is to be applied the correction factor 
L, = 0.487. Hence group 10 = 0.117 L,. The actual mean 
load per unit of bearing width is 


25,000/13.69 = 1826 lb = W 


Substituting this and other known values in group 10 and solving 
for u, we obtain 


1826 (0.003)? 
0.117 X 0.487 1500 X (4.564)? 
= 2.022 X 10~* in.-lb-sec (Reyn) 


With the conversion factor 69,000, this viscosity coefficient is 
0.1395 poise, which is that of a light machinery oil at about 130 
to 140 F. For determination of corresponding commercial 
viscosities see the viscosity-temperature-conversion charts in 
the author’s recent paper (20). 
The coefficient of friction may be found from group 12, Table 
A-4 and Chart A-4, curve 12. 
PF, ho 2.00 XK 0.003 


= 0.00247 


Inspection of Chart A-1 indicates that by increasing the ratio 
b/a, other things being equal, the relative power loss will be 
reduced; this is shown more specifically in Example 2. The 
extent to which b/a may be increased must be limited eventually 
by considerations of space, cost, and the strength or elasticity 
of the journal. 

In the present example, the angle 8 might be increased, follow- 
ing curve for b/a = 3, on Chart A-1l, securing, thereby, a some- 
what greater bearing area; but this would involve a relatively 
greater friction loss, as is obvious on inspection. 

Other data for this bearing can be found from the charts and 
tables, e.g., the leading angle a from group 3 and curve 3. 

Example 2. In Example 1, suppose that b/a is taken as 4 
instead of 3, the other data remaining unchanged. We then 
have, referring to the same tables and charts 


a = /(125/8) = 3.953 in. 
8 = 180.8 deg = 3.155 radians, for the least power loss. 


25,000 X 1500 X 0.003 
20,700 


0.004866 in. 
0.00123 in. per in. of diam. 


Length 1 3.155 X 3.953 = 12.47 in. 
Width b = 4 X 3.953 = 15.81 in. 
Ratio 1/b = 0.789. This determines the correction factors: 


I = 0.533, Fy = 0.924, and L,/F, = 0.577 
25,000/15.8 = 1581 lb = W 


Total power loss = = 5.435 hp. 


Clearance 7 = 1.622 ho 
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1581 X 0.003? 
~ 0.1517 X 0.533 X 1500 X (3.953)3 
= 1.90 X 10-8 in.-Ib-see (Reyn) 


This corresponds to 0.131 poise. 
The coefficient of friction is found to be 


F, ho =1.762 X 0.003 
These optimum charts and tables may also be used for determin- 
ing the proper radial clearance or the oil viscosity for a known 
set of other conditions. 

Example 3. What radial clearance 7 is best for following 
conditions? Total load R = 25,000 lb, N = 1500 rpm, 6 = 
120 deg, po = 125 lb per sq in., b/a = 4, oil viscosity = »p = 
3.4 X 10~* in.-lb-see (Reyn). Bearing is centrally loaded which 
means Class C. Proceed as follows: 

From above data it is found that 2a = 10 in., b = 20 in, 


W = 1250. 
l = 10.47 in. 


= 0.002318 


= 0.524 


Correction factors from Chart KX will then be L; = 0.672, 
F, = 0.947, L,/F; = 0.710. 

Then from group 10 in Table C-4 and by introducing correction- 
factor L,, we obtain 


Whe? 


This may be solved for ho, the only unknown. (Hence hy = 
0.0048.) Thereafter the desired value of 7 may be found from 
group 7, Table C-3. It will be 1.962 ho = 0.0094. The clearance 
ratio will therefore be n/a = 0.00188. The friction coefficient 
» is to be found from group 12, Table C-4, which group equals 
2.902 F,/Iy. Hence 


A = 2.902/0.710 X 0.0048/5 = 0.00392 


= 0.0671 L, = 0.0451 


The procedure for examples under Class-B journals would be 
similar to that already described, but having reference to the 
approximate Class-B tables and charts, corresponding to those 
referred to in Examples 1, 2, and 3. 

As explained under “Deviations from Optimum,” in Appendix 
D, it is practicable to explore other than optimum conditions 
by the use of the charts of general conditions which follow those 
on optimum conditions. To these, with fair approximation, 
may be applied the side-leakage-correction factors given on 
Chart KX. Kingsbury’s optimum points have been marked 
on the charts of general conditions when the bearing class is 
the same or the chart suitable for showing both conditions. This 
is practicable for the Chart C-5 of centrally loaded bearings and 
of Chart ACD-120 which gives loading characteristics of a wide 
variety of 120-deg bearings. 

Example 4. Find the running positions of the journal in the 
following centrally loaded 120-deg bearing using two different 
oils whose viscosity coefficients are 3.4 XK 10~* Reyn and 10.2 X 
10-* Reyn, respectively. The total load R = 10,000 lb, the 
actual nominal pressure po = 125 lb per sq in., the journal 
diameter = 8 in., the bearing width = 10 in.; the clearance 
ratio n/a = 0.001, and the speed N = 400 rpm. 

The first step in solving this problem is to set down the known 
values of the symbols as far as practicable. The scale at the left 
of Chart C-5 represents a symbol group for which all values 
are known except w. This w is the ideal nominal pressure the 
bearing would sustain if side leakage could be neglected. It is 
reduced to the actual nominal pressure po by side leakage. Hence 
Do = Lyw and the correction factor L; must be found from Chart 


KX. From the problem data the 1/b ratio is found to be 
8x X 120/10 X 360 = 0.839. 

This yields the following correction factors: LZ, = 9.51, 
L,/F, = 0.555, F, = 0.92. Hence, 


w (2) 245 X 1X 10-* 0.613 10-* 
uN \a uw X 400 m 


First, substituting » = 3.4 X 10~, the group is found to equal 
0.180. With this we may enter the Chart C-5 at left. This 
reaches the loading curve for 8 = 120 deg, where c = 0.581. 
Reading down to friction, coefficient curve for 8 = 120 deg, we 


find that Ay - = 1.29. Then reading upward on c = 0.581 to 
the ¢y-curve for 8 = 120 deg, we find that ¢y = 33.2 deg. The 
actual friction coefficient will be \ = Me Hence, A = 
1 


1.29  1078/0.555 = 0.00233. The journal running position 
will be on the line ¢y = 33.2 deg. Its distance from the center 
of the bearing will be cn = 0.581 X 0.001 X 8/2 = 0.002324. 
The minimum film thickness will be hk = (1 —c)n = 0.001676. 
Dr. Kingsbury’s optimum eccentricity factor is seen from the 


2 
C, F, O, dotted loading curve “ (?) on Chart C-5 to be 0.49 


for a 120-deg bearing. For this, ho = 0.00204. Hence, for 
uw = 3.4 X 107, our assumed bearing is not quite as safe as the 
optimum would be. 

Solving this same problem with » = 10.2 X 10~® leads to the 
following results, the group value for entering the chart being 
0.060. Proceeding as before we find c = 0.28, ¢q = 46 deg, 
Ag(a/n) = 2.54, \ = 0.00458, and ho = 0.00288. Hence, with 
this heavier oil the friction is greater, as would be expected. 
The minimum film thickness is also greater than for the lighter 
oil. An intermediate oil would cause the journal to run with 
optimum eccentricity, but as the clearance is fixed it is necessary 
to decide which is the more important, a least film thickness of 
ho = 0.00168, or ho = 0.00204 or ho = 0.00288. The degree of 
perfection of the shaft alignment may be the deciding factor. 
Heavier oil is better when conditions of alignment are not ideal. 
See film thicknesses noted in loading Table 1 for Kingsbury 
thrust bearings. 

Example 5. In a 120-deg bearing, would negative pressures 
in the oil film be expected with a 6-in.-diam journal 10 in. wide, 
carrying 600 lb at 1000 rpm with a clearance ratio of n/a = 0.002, 
and an oil viscosity of 4.0 X 10~* Reyn, (a) when a/8 = 0.44? 
(b) when a/8 = 0.52? (c) when a/8 = 0.62? 

First find correction factor L,; from Chart KX. It will be 
the one corresponding to 1/b = (6m X 120)/(10 Xx 360) = 
0.628. Therefore, L; = 0.613 and w = 600/(6 X 10 X 0.613) = 
w fa 2 
uN \a 


= 0.0163. Referring to Chart ACD-120 the 


16.30. Then since » = 4.0 X 10~® the group 


16.3 X 10-* 
4 X 1000 
answer to (a) is that the bearing is close to the region there 
indicated for negative pressure at the trailing edge. The answer 
to (b) is that the bearing is not likely to have negative pressure. 
The answer to (c) is that negative pressure is likely at the leading 
edge. 

Abnormal conditions were assumed for this bearing in order 


4 An investigation by S. J. Needs shows that negative pressure 
is to be expected in a finite bearing for conditions where the infinite- 
width bearing would show all positive pressures. Hence, when the 
data of a problem show that the running position approaches the 
upper-limit line of Chart ACD-120, some negative pressure is prob- 
able. Such a condition would place the bearing in some other class 
for which a = 60 deg and 8 — a < 60 deg. 
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to bring out the negative-pressure feature. Note the locations 
of the optimum points for the Class-A bearings near the center 
of the Chart ACD-120. These points are marked AFO and 
ALO. For a Class-C bearing the optimum points are marked 
CFO and CLO. By comparing these points with those located 
by the problem data some idea of the divergences may be gained. 

Example 6. Find the minimum film thickness in a 100-deg 
fitted bearing running under the following conditions: N = 300, 
uw = 3 X 10~* Reyn, total load = 3000 lb, journal diameter = 
5 in., and its width = 6 in. The procedure is as follows: 


1/b = (#5 X 100)/(6 X 360) = 0.727 
Therefore, L,; = 0.565 and w = 3000/(30 x 0.565) = 
17 
Then xX (10-4) = 


177. 
= 0.197, the value with 


3 X 300 
which Chart E-1 is entered at the left. Reading across to lower 
diagonal for 8 = 100 deg and then down to «/a the latter is 
found to be 0.0008. As h = esin 6 (see symbols in Appendix A) 
it is necessary that @ be known for the ho location, which is at the 
trailing end of the bearing. This value of @ is seen from Fig. FE 
of Chart E-1 to be equal to 270 deg + 8 — (¢g + @). For this 
problem it is found to be 157.6 deg. Hence ho = 0.0008 & 2.5 X 
0.381 = 0.00076. 

Other data can of course be obtained. Ay = 0.00082. Apply- 

An 


ing the correction factor 1,/F; = 0.61 we have \ = ic * 


= 0.00134 which is the actual coefficient of friction. 


0.00082 


0.61 
(Notre: This problem could have been solved by means of 
optimum charts of class-B journals, because for fitted bearings 
all conditions are optimum for a given series. Kingsbury’s 
Class B differs a little from the author’s Class EF.) 

Example 7. What total friction-power loss and what friction 
coefficient are to be expected in a full bearing operating under 
conditions where 2a = 4in., b = 8in., N = 3600, u = 2 X 1078, 
total journal load = 3600 lb, and n/a = 0.003. Proceed as 
follows: Assume 8 = 180 deg for purpose of finding Z;. Then 
l/b = (4e X 180)/(8 X 360) = 0.79 and Z, = 0.53 and F, = 
0.925 and L,/F; = 0.575. w = 3600/(32 X 0.53) = 212 lb per 
sq in. because w = po/In. Now, 


At] 


Entering Chart F-1 at the left with this value and reading across 
to the load-capacity curve we find the value of c = 0.5. Holding 
this value of c for the other curves, the right-hand scale readings 


_ 212 x 9 x 
2X 3600 1078 


= 0.265 


therefore lead to he = 1.88. The total power loss = 3.2 X 
n 


hp. The actual coefficient of friction may 
n 


An 
L,/F, 0.575 
sired answers to the problem. The total power loss will be 
4.1 hp and the friction coefficient ) = 0.0098. Checking back 
from \g to the total power loss, it is found that the latter is the 
same if the correction factor is properly introduced as in \ = 


be found from } = Solving, these give the de- 


Appendix C—Viscous Flow 


FUNDAMENTALS 


Laminar or viscous flow in a film is that kind in which par- 
ticles of liquid or other matter move as if they were parts of 
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a laminar structure. Hersey (19) has illustrated it by means of 
a thick book, with a stiff binding, one of the covers of which is 
shifted relative to the other as from position A to position B in 
Fig. 2. All the leaves will be shifted a little, if held to the binding. 
The sum of their relative shifting will, if integrated, equal the 
relative shift of the covers. This represents the viscous flow 
of oil between parallel plates when one plate moves relative to 
and parallel with the other in the absence of pressure. 

If the book binding be elastic as in Fig. 3, and a pressure P 
be applied to the leaf edges as in D while the covers are held, the 
leaves will shift to the right from position C to position D, the 
greatest shift being at center in D. This represents the viscous 
flow of oil between two fixed parallel plates when subjected to 
a greater pressure at one end than at the other. In the case of 
the books, the extent of movement is limited. In the case of a 
liquid, continuous laminar motion is possible. 

The force that opposes the viscous flow of a liquid is called the 
resistance to distortion. The velocity with which the upper 
surface of an oil film or the upper cover in B of Fig. 2, moves 
relative to the lower, when compared with the film thickness or 
the book-thickness 7, establishes what is called the rate of dis- 
tortion. The resistance which such a medium offers to such a 
rate of change of shape or such a rate of distortion is an indication 
of its viscosity. The ratio of the unit resistance to the rate of 
distortion it produces is a measure of the viscosity of the liquid 
and is called the coefficient of viscosity. The viscosity coefficient 
enables us to connect the internal forces in the liquid with the 
external forces that cause it to become distorted. The force 
acting on a unit area of the upper face of the film, as upon the 
book cover in Fig. 2, is designated as f. This will cause the 
upper face to move with a velocity U with respect to the station- 
ary one. The rate of distortion produced will be U/T. The 
coefficient of viscosity « equals the ratio of the force f to the rate 
of distortion U/T which it produces. Thus, we have our first 
relation of the force, distance, and velocity concerned with 
viscous flow 


from which 


We have here the fundamental formula for the study of the 
viscous flow of liquids. This equation is so important that it 
can be used very directly to find the approximate frictional re- 
sistance to the rotation of a journal in a bearing, if the surface 
speed, the film thickness, and the viscosity are known. 


FRICTION AND VISCOSITY 


This relation was expressed by Petroff (1) in 1883, when he 
assumed that a shaft ran concentric within its sleeve bearing. 
Fig. 4 may be thought of as illustrative of the viscous flow of oil 
in absence of pressure, between fixed and moving parallel plates, 
their distance apart being 7. This is still a useful assumption 
for high-speed bearings, moderately loaded, whose journals run 
nearly concentric within their bearings, and the latter use prac- 
tically complete sleeves. 

The tangential friction force at the journal surface, resisting 
rotation, is 


[3] 
The surface speed of the journal is 


In this formula N is revolutions per minute. Combining Equa- 
tions [3] and [4] with Equation [2} a useful formula [5] is found. 
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This is independent of unit system employed, so long as but one 
is used and N/60 represents revolutions per second. It is 
similar to the one proposed by Petroff. The viscosity coefficient 
u must be expressed in the system of units employed for rest of 
equation. 


This friction force F can be again combined with speed and 
expressed as power loss. 


Potses, CENTIPOISES, AND REYNS 
The relation between the viscosity coefficient in English units 


Qa 
FIG.5,VISCOUS FLOW THROUGH TUBE 


INFLUENCE OF SIDES 
NEGLECTED 


b—— 


WIDTH OF PLATE 
FIG.6, VISCOUS FLOW BETWEEN PLATES 


PLATES PARALLEL 


FIG.7,APPROACHING FACES WITH FIG.8,SEPARATION OF FACES 
OIL FILM BETWEEN THEM BY PRESSURE OIL 


(pound-seconds per square inch) Reyn, and metric units (dyne- 
seconds per square centimeter), poise, may be expressed as 
follows when yg is the former and py the latter. 


There appears in literature another unit for viscosity coefficient 
called the centipoise, designated as Z and having a magnitude 
of one hundredth part of a poise. The relation between it and 
the poise is expressed in Equation [7] and that between it and 
the Reyn in Equation [8]. 


Viscous Ftow TuroucH 
By applying the laws of viscous flow to the flow through tubes, 


and assuming that there is no molecular slippage of liquid at the 
tube surface, the law of volume of flow per second is 


V, — P.)h 
t 128 ya 


Referring to Fig. 5, the linear velocity of flow u at any distance 
y from the side of the tube is 


4ua 


The variation in this velocity is seen to be parabolic and the 
velocity of flow, therefore, greatest at the tube axis. 


Viscous FLow BETWEEN PARALLEL PLATES 


Viscous flow between plates that are parallel, Fig. 6, is simply 
expressed by Equations [11] and [12]. In this case, also, the 
velocity distribution, transversely, is parabolic. There is as- 
sumed to be no slippage at the plate surface. 

Volume rate of flow is 


t 12ya 
2yua 


In the Equations [9], [10], [11], and [12], one system of units 
only is to be applied and the viscosity coefficient must be in that 
system also. P; and P; are the pressures acting upon the liquid 
at two ends of the tube or plates. The pressure drop from P; 
to P; is assumed to be uniform with distance throughout the 
length a. 


Viscous Ftow From APPROACHING Faces 


Osborne Reynolds in 1886 (2) investigated the time rate at 
which such surfaces, if parallel, will approach when the space 
between them is filled with a viscous liquid, and a constant 
normal force FR is maintained. See Fig. 7. With elliptical 
plates, no central cavity, no oil supply, and the plate moving 
downward, the formulas which are applicable are 


3 1 1 
t= Ra? +e) x) [13] 
x ac 
2 2 
mac \a? 


where P; = oil pressure at the center, and P = oil pressure at 
any point with coordinates z and z. 


SEPARATION OF PARALLEL CircULAR PLATES BY HIGH-PRESSURE 
Om 


This condition of viscous flow, illustrated by Fig. 8, may be 
accomplished by forcing oil into the smal] recess at the center 
with sufficient pressure to cause separation and outward radial 
flow. 

Case 1. Circular Plates, Load Carried by Continuous Flow of 
Pressure Oil. Pressure at Outer Edge of Plate Assumed to be 
Zero. The formulas applicable to this case are 


pra bN 
F = 5 
7, 
U 
A B 
FIG.2 
& 
us 
a 
4 4 
pp 4 YY A 
oe FIG.4, AJOURNAL CENTRAL WITHIN ITS BEARING 
TUBE OF UNIFORM BORE 
ou. SUPPLY 
- 
Z/ug = 6,900,000.................. [8] 
0.0867 h?R 
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2R log,(r:/ri) 


20 
2Rlog(re/r) 
— 
7.35 uG log,(r2/r) 
h3 

P, 2r,? log,(r./r;) 
= . [23 
Po 12? r,? 
where P; = oil pressure supplied to central cavity, P = oil 


pressure at any radius r, Po = specific pressure on the plate 
produced by the load = R/xr,?. In Equations [19] and [22], 
G represents U. S. gallons per minute, provided all other units 
are inches, pounds, and seconds, in which case » must be intro- 
duced as Reyns. 

Case 2. Circular Plates, Oil Supply Stopped, Plates Moving 
Together. The formulas applicable to this case are 


4R hy? he? 


(24) 
OR 
— 2 
[26] 


where P; = oil pressure in the central cavity, and P = oil 
pressure at any radius r. 

The symbols used in Equations [1] to [26] are as follows, and 
must not be confused with the symbols that appear in Appendix A 


R = total load on plate 


G = flow of pressure oil, U. S. gpm where other units in the 
equations are inches, pounds, and seconds, and yu is 
introduced as Reyns 

uw = absolute viscosity of oil 

h = thickness of oil film 


time for moving plate from height hz to height hy, sec 


Appendix D—Perfect Lubrication 


TapPeRED 

The tapered oil film is the secret of the success of the sliding- 
surface bearing, by virtue of which it attains its great capacity, 
its very low friction coefficient, and its remarkable durability. 
The existence of an oil film completely separating the bearing 
surface from its journal was discovered in 1883 by Beauchamp 
Tower (3). When this fact came to the attention of Osborne 
Reynolds (2) he was so intrigued with the idea that he developed 
the hydrodynamical theory which explains it. He showed 
that the film of oil must have the shape of a wedge in order to 
keep the surfaces apart, whether the bearing be flat or cylindrical. 
In 1896 Albert Kingsbury (4), by actual measurement, discovered 
that the lubricating film was wedge shaped below the air-borne 
journal of his test bearing. Further evidence of the necessity 
for a wedge-shaped film has been since deduced from other 
analyses and tests, as well as from the observation of wear in 
bearings not adequately lubricated. A good review of Reynolds’ 
work, including a few needed corrections in the formulas, appears 
in Kingsbury’s paper (4). 

Side Leakage. Reynolds, in his bearing analysis, neglected 
the influence of side leakage upon the pressures and friction that 
are developed within the oil film. Therefore, he determined the 
maximum pressures that a bearing could develop with a given 
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film under ideal conditions. His work is most valuable as an 
upper limit or standard with which actual conditions may be 
compared. It is generally recognized however that, if all other 
conditions are held the same, the narrower the bearing surface 
(perpendicular to the direction of motion) the less will be the 
pressures developed within a film of given form and thickness. 
This is true because a larger percentage of the oil drawn in at 
the front edge, will leak away at the sides of the narrower bearing, 
before reaching the far end of the film. See fuller discussion 
following under heading “Side Leakage Reduces Capacity.” 


THICKNESS 


The chief importance in the consideration of film thickness 
and shape lies in the fact that upon them largely depends the factor 
of safety of a bearing. If the relative shapes of the two co- 
operating bearing faces are such as to permit safe starting and 
stopping under load, then the safe running of the bearing may 
well depend upon the minimum thickness of the oil film and its 
shape. This point was discussed by Dr. Kingsbury (5) and led 
him to propose the minimum film thickness as an important 
criterion of bearing safety. The reason for this seems obvious 
when one remembers that a bearing, first, has to maintain its 
film under changes of load and temperature, second, has to support 
deflected shafts or misaligned ones and, third, has to pass particles 
of foreign matter through its film to a reasonable extent, without 
serious injury to the bearing surfaces. 

Film thicknesses are difficult to measure and few reliable tests 
of heavily loaded bearings are available. Therefore, reliance 
is usually placed upon calculations, when the bearings so investi- 
gated have proved themselves in service. Calculated minimum 
film thicknesses together with capacities for flat surfaces, based 
on Kingsbury’s thrust-bearing practice, are given in Table 8 in 
the body of this paper. 

Viscosity Change Within Oil Film. The friction generated in 
a bearing, the surfaces of which are completely separated by an oil 
film, is produced within the oil itself. This friction is dependent 
upon the viscosity of the oil, upon the film thickness, upon the 
speed, and upon the extent and shape of the bearing surfaces 
covered by the film. See Appendix C. As the oil passes through 
a bearing film, the heat generated must be disposed of in one 
way or another. Some passes into the bearing faces while the 
rest remains in the oil itself and passes out with the oil discharged 
from the sides and the far end of the bearing film. Oil thus 
discharged is therefore hotter than when it entered. This rise 
in temperature reduces the oil viscosity, i.e., makes the oil 
thinner. A fair idea of the maximum possible rise of temperature 
within a perfect film may be had by simple calculation involving 
the mean film thickness, the speed, and the specific heat of oil. 
It is customary to assume the mean viscosity within the film to 
be that of the whole film, when making bearing calculations. 
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This film is shown in three views in Fig. 9, giving the plan 
view, longitudinal section A-A, and a front view looking into 
the film in the direction of the entering oil. Dotted lines in the 
plan view show the oil flow and how side leakage takes place. 

A study of this film by means of Reynolds’ equations in 
Kingsbury (5), assumes the oil flow to be all parallel to A-A, 
in the plan view. This is the direction of motion. This analysis 
discloses a number of important characteristics of an oil film. 
The lower or stationary bearing surface of 9-a may be assumed 
to be placeable at will in any desired relation to the upper or 
moving face of the bearing. The proportions of s to | may 
therefore be varied at will, as may also be the thicknesses hy and 
h,,. In order to study these variations quantitatively, the load 
W, per unit of width b, may be assumed fixed. The length 1 of 
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the bearing face may also be assumed fixed, and likewise the 
speed U and the mean viscosity ». It is assumed that the 
position of support of the inclined face, if pivoted, may be altered 
at will to satisfy these imposed conditions. Three different 
sets of conditions, or cases, will now present themselves, and 
the results are given below. These are limited here to the 
conditions in which the influence of side leakage upon the pressure 
is negligible, as with infinitely wide bearings. 
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FIG.1l, CURVE D-WEDGE FILM OF FITTED BEARING 


Case I. Minimum Friction Condition. The frictional re- 
sistance to motion will be a minimum when s/l = 0.484. The 
film proportions in this case will be h,,/ho = (s + l)/s = 3.065. 

Case II. Optimum Load Condition. The film thickness at 
ho will be greatest when s/l = 0.841. This condition was de- 
termined by Reynolds. The film proportions in this case will 
be h,,/he = (s + I)/s = 2.190. 

Case III. Optimum Friction Condition. The friction, per 
unit of least film thickness ho, will be at minimum when s/l = 
0.652. The film proportions for this case will be h,,/ho = 
(s + l)/s = 2.533. Kingsbury (5) has selected this as the opti- 
mum friction condition for flat-surfaced bearings. 

The curves for which the preceding-case data are critical 
points, and upon which the following discussion is based, are 
given in Fig. 12. They are plotted from Reynolds’ equations 
as given by Kingsbury (5). The case conditions are marked on 
curves having the same numbers. The symbol groups and the 


film picture in this chart carries the slope-angle C which does 
not appear in Fig. 9. 

Examination of the curves of Fig. 12 show their critical points 
to be grouped in such a way that the range of variations of least 
film thickness and of friction does not exceed 4 per cent. Al- 
though any one of the case criteria would be a reasonable choice, 
Case III is the best from the combined viewpoint of bearing 
efficiency and factor of safety. 

Deviations From Optimum. Side-Leakage Effect Negligible. 
(Fig. 12.) If a bearing be constructed with the ratio M = s/l 
appreciably less than 0.484(see curve No. 1) the friction will be 
considerably increased. The minimum film thickness ho would 
be reduced at the same time. Therefore, a change of proportion 
in this direction leads more quickly toward higher friction and 
toward metallic contact. In this direction also the angularity 
of the bearing faces increases. From a study of curve No. 1, it 
appears safer to deviate from the minimum friction condition 
(M = 0.484) toward the right, in the direction of nearer parallel- 
ism of the bearing surfaces, which follows an increase of s/1. 

Thus we are led toward Case III and Case II. In this di- 
rection beyond M = 0.841 the least film thickness ho decreases 
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slowly, as is seen from curve No. 2, and the friction increases 
but slowly, as is seen from curve No. 1. 

A further study of the curves of Fig. 12, if they were extended 
beyond the chart limits, would give an idea of how high pure 
film-friction coefficients could be expected to rise in bearings 
that have nearly parallel faces, far removed from the best. The 
values tabulated at the top of the chart show that when the least 
film thickness ho reaches one-quarter of the best value assumed 
in Case II, the friction will be more than five times the least 
obtainable. In spite of this high friction, the bearing surfaces 
might run with perfect lubrication and without wear, if great 
care is used in producing and maintaining the surfaces. 

It seems reasonable to expect that correction factors for side 
leakage set up for optimum conditions may be used with a fair 
degree of accuracy for proportions differing materially therefrom, 
if the deviation is in the direction of nearer parallelism of bearing 
surfaces. 
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Oil-film shapes in journal bearings, when geometrically ac- 
curate and simple, are of two forms. Both may be expressed 
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by a sine-curve equation and are, therefore, easily shown in 
developed section when the journal surface is represented by 
a straight line. For convenience of comparison, the angular 
extent of the bearing 8° in Figs. 10 and 11 is drawn equal to the 
length 1 of the flat wedge film in Fig. 9. 

Clearance-Bearing Films. For bearings with running clearance 
the sine-curve axis is spaced from the sine-curve median line by 
an amount equal to the radial clearance n as in Fig. 10-a. Half 
of the total height of the sine curve, the half equaling cn, when 
deducted from the radial clearance n, equals the minimum film 
thickness, ho = n(1 — cc). As the minimum thickness ho is apt 
to lie within the film the thickness at the far end has been lettered 
hg. The thickness hy may obviously be less than the maximum 
film thickness for some film proportions. 

Fitted-Bearing Films. When the running clearance is zero 
the bearing is said to be fitted to the journal. The film-formation 
limitations in this case are illustrated by Fig. 11. The fitted 
bearing cannot have an are 8 much greater than 90 deg, and an 
angle of 180 deg is geometrically impossible. In a fitted bearing 
the maximum film thickness hm is apt to be within the film limits 
and not at the entering end. The minimum film thickness ho 
will be at the far end of the film. For this reason the thickness 
at the beginning of the film has been lettered h,. 

Optimum Conditions for Journal Bearings. For these condi- 
tions reference must be made to tables and curves mentioned in 
“The Loading and Friction of Journal Bearings.’’ See Classes 
A, B, and C, taken from Kingsbury’s paper (5). As curved- 
wedge films cannot be so well and simply examined mathe- 
matically as was done for the flat-wedge film, recourse was had 
by Kingsbury to electrical methods described in Section V of 
(6), for checking his analytical study of them. In general the 
meaning of the results obtained by Kingsbury will be under- 
stood by keeping in mind the explanations of optimum conditions 
previously offered for the flat-wedge film. 

General and Special Conditions. For a study of general bearing 
conditions one is referred to the charts for Classes C, D, E, and 
F, mentioned under the heading ‘The Loading and Friction of 
Journal Bearings,” adapted from Howarth (7) and (8). Also 
upon some of these charts there are marked such optimum 
conditions as determined by Kingsbury (5), for the particular 
class of bearings studied by Howarth. This discussion is con- 
tinued and amplified with examples in Appendix B that illustrate 
the use of the loading and friction charts. 

Deviations From Optimum. In view of the many possible series 
of journal-bearing films, the study of deviations from optimum 
is here limited to a centrally loaded bearing with 120 deg clear- 
ance. In order to study the curved-wedge film of this bearing 
as fully as done for the flat-wedge film in Fig. 12, the film in the 
120 deg bearing was assumed to be a curved wedge extending, 
as in Fig. 13, from Amax at the entering edge to ho where the 
film thickness is least, for which the wedge length is lb. This 
length lo will usually be a little less than the full are 120 deg, 
depending upon operating conditions. 

Kingsbury’s study of the 120-deg centrally loaded bearing, 
(see the charts and tables of Class C), gives values of dimension- 
less groups for optimum conditions. On Fig. 13 certain of these 
groups are used as ordinates, and are also marked along the 
corresponding curves. The base scale shows the curved-film 
wedge proportion M for a considerable range, including the 
optima for minimum friction and for maximum load, as well 
as the minimum frictional drag for carrying a given load under 
specified conditions. Curves No. 1, No. 2, and No. 3 on Fig. 13 
correspond with those of the same numbers in Fig. 12. There 
appear in Fig. 13, however, two additional curves. Curve 
No. 4 shows the clearance-ratio variation and curve No. 5 shows 
the eccentricity change. The optimum points were obtained 
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from Kingsbury (5) and the curves were plotted from data taken 
from Howarth (7). 

Let it now be assumed that the 120-deg bearing is running 
under the optimum friction condition, at which M = 0.943. 
The optimum clearance ratio corresponding with this is assumed 
to be unity when plotting curve No. 4. If, the clearance ratio 
for this optimum friction condition is increased 20 per cent, the 
value of M will change, and be no longer that for this optimum 
condition. Referring to curve No. 4, the point X will be reached 
for which M = 0.7. Following vertically through this point 
we find from curve No. 1 that the frictional-drag group has 
changed but little, from curve No. 2 that the capacity group 
has reduced but little, and from curve No. 3 that the friction- 
coefficient group has increased a small amount. If next we 
assume the clearance ratio for minimum friction to have been 
decreased 20 per cent, we find from curve No. 4 a point Y for 
which the value of M is about 1.4. For this condition the fric- 
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tional-drag group as shown by curve No. 1 has increased a little 
in value, the capacity group as shown by curve No. 2 has de- 
creased but little, and the friction coefficient group shown by 
curve No. 3 has increased but little. These facts will be found 
useful when arranging tolerances for the bearing and journal 
diameters. 

In the same way as in Fig. 12, a table was prepared to show 
increases in friction that would accompany wide deviations from 
optimum conditions for flat-wedge films. For the same purpose 
similar figures have been tabulated on Fig. 13 for the curved- 
wedge film, for values of M beyond the limits of the chart curves. 
When M = 10 the frictional-drag group of curve No. 1 will 
reach a value of 4.76, which may be compared with its minimum 
of 2.4. It is not practicable to extend this comparison farther 
for this group with the data available. For M = 10, however, 
we find that the clearance-ratio reduction from optimum has 
reached nearly 70 per cent. The friction-coefficient group has 
increased from the optimum of 2.95 to the larger value of 10.45. 
The capacity group has decreased from 0.8 to 0.453. It is 
quite probable that with the value of M equal to 10 or even 20, 
the bearing would still function properly with pure film lubri- 
cation if accurately and carefully made. 

From the curves of Fig. 13, another set shown in Fig. 14 has 
been drawn for more convenient use. The characteristic groups 
for capacity, frictional drag, and the friction coefficient as well 
as for the eccentricity are plotted directly over the variation 
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of the clearance ratio. As before, the clearance-variation figure 
has been made unity for the optimum condition of minimum- 
friction coefficient. This chart shows in a more direct way the 
influence of deviation of the clearance ratio from this optimum. 
It is clearly seen that small deviations have little influence, as 
demonstrated already by means of Fig. 13. If, however, the 
clearance-ratio variation is large, the efficiency of the bearing 
is sensibly affected, especially if the clearance ratio is reduced. 
If, for example, the clearance ratio is increased 40 per cent, the 
group factor for the frictional drag as shown by curve No. 1 
increases from 2.4 to 2.5, the group factor for the capacity (as 
shown by curve 2) decreases from 0.8 to 0.74 and the friction- 
coefficient factor, as shown by curve No. 3, increases from 2.9 to 3.3. 
A reduction of the clearance ratio by 40 per cent on the other 
hand yields more undesirable results. The frictional-drag factor 
rises from 2.4 to 2.9; the capacity-group factor falls from 0.8 to 
0.74; and the friction-coefficient factor increases from 2.9 to 4. 
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The increase of the friction-coefficient factor is far more notice- 
able with a reduction of the clearance ratio than with an increase. 
If, therefore, it is not feasible to design the bearing with the 
clearance ratio corresponding to the optimum conditions, a 
larger rather than a smaller clearance ratio should be provided. 
This conclusion has also been corroborated by practical ex- 
perience. The relation of curvatures to safety of starting and 
stopping under heavy loads should not be overlooked, as it leads 
in the other direction, the choice of a smaller clearance. 


Sipe LeaxaGeE Repuces Capacity 


The influence of side leakage upon the capacity of a perfectly 
lubricated thrust bearing, and other bearings with wedge-shaped 
films, is considerable. It has been determined by several in- 
vestigators, notably by Michell (9), Martin (10), Boswall (11), 
Kingsbury (6), and Duffing (12). In Fig. 15, the coordinates 
of which are capacity factor and length/width ratio, the results 
of several investigators are shown as plotted by Kingsbury who 
drew this curve to compare them all. The capacity factor shows 
what percentage of the ideal load can be carried on a film with 
finite dimensions of length and width. The ideal, with which the 
bearing of finite width and length is compared, is a bearing 
having the same finite length (in direction of motion), but which 
is understood to be a part of one whose width is so great (infinite) 
that there is no side leakage to reduce the capacity. 

The points determined by Michell, by Martin, and by Duffing, 
apply to a flat-wedge film whose proportions are two to one, 
i.e., h,,/ho = 2.0. Kingsbury also found points for such a film. 


These are all included under the heading (plane surfaces) marked 
on the curve of Fig. 15. Kingsbury extended the investigation 
to cover curved-wedge films such as occur in journal bearings 
of the fitted and the clearance types. By taking a variety of 
such points for his optimum bearings and comparing their ca- 
pacities for various values of 1/b, with the ideal capacities he 
found his points to lie fairly well along a line through the points 
determined only for plane surfaces. By this means Kingsbury 
found a set of correction factors that could be used with ideal 
capacity and friction charts and tables for the solving of practical 
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bearing problems. See Chart AX, and also the examples in 
Appendix B. 
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Discussion 


Pulsating Air Flow’ 


Sanrorp A. Moss.? Professor Bailey is to be congratulated 
on his distinctly novel and ingenious contribution to the measure- 
ment of pulsating flow. Inquiry might be made as to the tech- 
nique of operating the apparatus. Is it difficult to regulate the 
valves 6 and 9, shown in Fig. 1, so as to secure constancy of head? 
Does the rpm of the blower have to be regulated with more than 
ordinary care in order to preserve constancy once it is established? 
In order to avoid surface-tension changes, the orifice 8, Fig. 1, 
was finally made an orifice in a thin plate. Such an orifice has a 
coefficient of discharge subject to some variation, so that the ac- 
tual flow may not be at all times proportionate to the square root 
of the head. It would seem the author’s original orifice with 
rounded approach was more nearly theoretically correct. Could 
not the orifice be made of stainless steel or bronze, or even of 
brass artificially seasoned so that it would remain constant with 
respect to surface tension? 

At first thought it would seem that the use of the apparatus is 
limited to the case where pressure difference, in the air flow being 
measured, is such as to cause negligible density change. How- 
ever, it was shown in a paper read at the December, 1927, meet- 
ing of The American Society of Mechanical Engineers, that air 
flow by weight with a differential pressure up to 10 per cent of 
the initial absolute pressure, varies exactly with the square root 
of the differential pressure, which would make the instrument 
usable up to this differential-pressure ratio. It is to be assumed 
that the instrument could be used with measurements made with 
an impact tube in the pipe and a static hole in the pipe wall, as 
well as with the pitot tube with static and impact openings dis- 
cussed by the author. No doubt the instrument could also be 
used when air flow is measured by means of a nozzle at the end 
of a pipe line, with initial pressure measured with a static hole 
preceding the nozzle, or an impact tube preceding the nozzle, or 
an impact tube in the nozzle jet. 

The author speaks of possible sources of error due to a particu- 
lar type of connecting pipe used. It would seem that error from 
this source is always possible, because air in the tubing between 
the pressure-measuring instrument and the author’s apparatus 
has a period, inertia, and compressibility of its own, which may 
at times give oscillations other than those of the original jet, or 
give friction which may dampen some of the original pulsations, 
as the author mentions. Possibly this effect might be eliminated 
by filling all of the tubing with water, which is practically incom- 
pressible. With this arrangement, the tubes 11 and 12, Fig. 1, 
would be connected as closely as possible to the pitot tube or 
other flow-measuring apparatus with as short column of air be- 
tween as possible. Then there could be tubing of any convenient 
length between the lower ends of the glass tubes and connections 
13, Fig. 1, to the water box, all filled with water. By this means 
the air column between the original source of pulsation and the 
water box would be made a minimum, and this presumably would 
increase the accuracy of the instrument. 

One further item, the effect of the inertia of the water flowing 
through the orifice, may be mentioned. When the pulsation is 


1 Published as paper PTC-56-1, by N. P. Bailey, in the October, 
1934, issue of the A.S.M.E. Transactions. 

2? Research Engineer, General Electric Company, West Lynn, 
Mass. Mem. A.S.M.E. 


at a given point in the cycle and the velocity through the orifice 
is a given amount, and the next phase of the pulsation changes 
the head on the water orifice, the water itself does not instantly 
assume the velocity corresponding to the new head but, on ac- 
count of its mass, must be accelerated, which requires a certain 
time. For this reason, the pulsation of the water cannot be in 
phase with the pulsation of the air. Perhaps for low velocities 
through the water nozzle, and comparatively low frequencies of 
pulsation, this error is negligible, and perhaps the author has 
some definite mathematical treatment of it. 


P. H. Harpiz.* The author, apparently because of the brevity 
of his paper, has not fully explained many important points re- 
garding the operation of the fluid-velocity meter and pulsating 
air flow. The writer would like to ask the author to clarify the 
following points: 

(1) The fluid-velocity meter actually consists of three orifices 
in series, since valves 6 and 9, Fig. 1, are restrictions. They are 
also subject to pulsating differential pressures. Will the author 
show mathematically, from the equation of the flow through 
three resistances in series, how the flow is affected by intermediate 
pressure pulsations? 

(2) Does the water flow change when the area through the 
gage lines is restricted to such an extent that it effectively elimi- 
nates pulsations, the two valves 6 and 9 remaining fixed? If it 
does, how much change occurs, and do the two water legs become 
unbalanced? 

(3) Was the fluid-velocity meter checked for accuracy by any 
method other than the cut-out disk? For example, it would be 
interesting to make a check in a duct having a rotating butterfly 
valve some distance back from the pitot station, the gas having 
been previously metered accurately. 

(4) How does the author account for such excessive pulsation 
from the blower on which he made his experiments? Referring 
to Fig. 5b, with the blower alone, Vo/ Var is almost 1 at the lowest 
speed reported, 800 rpm. The values of Vo/Va» plot a straight 
line on semi-log paper. Extrapolation values for lower speeds 
indicate that at 600 rpm the air reverses and reaches a speed in 
the reverse direction of 25 per cent of the average forward ve- 
locity. This is astounding and should certainly be checked with 
a vibrograph, phonodyke, or some similar type of recording de- 
vice which has been successfully used for such records in the past. 
Has the author made similar measurements on commercial-type 
fans of larger sizes, and if so, what was the magnitude of pulsation 
found? 

(5) Did the tests on this blower at different speeds indicate 
that the fan laws apply when the flow pulsated? If they do not, 
the present practice of checking performance at reduced speeds 
will have to be discontinued. 

In conclusion, it might be well to point out that it is not an es- 
tablished fact that pulsations in the discharge of air blowers as- 
sume serious proportions. H. F. Hagen’s paper,‘ to which the 
author makes frequent reference, attributed large errors in pitot- 
tube velocity measurements to pulsating flow, but it was pointed 


3 Test Engineer, Research Bureau, Brooklyn Edison Company, 
Inc., Brooklyn, N. Y. Assoc-Mem. A.S.M.E. 

4‘*Pulsation of Air Flow From Fans and Its Effects of Test Pro- 
cedure,”’ by H. F. Hagen, Trans. A.S.M.E., vol. 55, 1933, paper 
FSP-55-7. 
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out in the discussion of Mr. Hagen’s paper (fourth paragraph, 
page 111) that the vibrograph records showed pulsations, the 
magnitude of which would account for only a very small fraction 
of the total error. The experiments of Lionel 8. Marks, recently 
reported in A.S.M.E. Transactions for November, 1934, paper 
PTC-56-2, indicated that the errors attributed to pulsating flow 
were due to other causes. 


Lionet 8S. Marks.’ The theory of the instrument developed 
by Mr. Bailey demands that the instantaneous static and impact 
pressures be exerted at the instrument or that the difference be- 
tween the two be maintained at the instrument. This does not 
seem possible of achievement with rapid pulsation, primarily on 
account of the small size of the static-pressure orifices. The 
author speaks of increasing the static-orifice area but, even if 
carried to the limit at which the static pressure will be registered 
accurately, this would not give an opening adequate for the 
purpose. 

It would seem desirable to verify the indications of this in- 
strument by determining independently the true average air ve- 
locity by a nozzle or other means. A possible method of verifi- 
cation would be to measure the same air quantity at two stations, 
for example, in a duct and, later, in a nozzle of not more than 
half the duct diameter. With pulsating flow, the volumes de- 
termined from the effective velocities at these two stations are 
different; the volumes determined from the average velocities 
should be the same. 


H. F. Hagen.* The curves of Fig. 5 in the author’s paper 
indicate a possible explanation of the not infrequent reports of 
tests of fans, particularly propeller fans, that do not follow the 
accepted fan laws with change of speed. The author’s results 
show an increasing pulsation effect with reducing speed and his 
explanation of increased damping at higher frequencies is en- 
tirely reasonable. The relations between the fan performances 
wide open, and at the reduced orifices, showing decreased pulsa- 
tion with increased resistance, agree with the writer’s findings 
in many tests comparing pitot-tube traverse and nozzle volumes. 

The nature of air flow from fans is apparently an extremely 
complicated phenomenon. The author has found indications of 
severe pulsation in a fan discharge. In Professor Marks’ paper’ 
are described peculiar spins indicated by a direction tube. A fan 
test seemingly must guard against both these actions. The new 
instruments developed by the author, therefore, seem a necessity. 

The writer built an arrangement described in the third para- 
graph of the author’s conclusions for the purpose of decreasing 
noise. There was no difference either in noise or performance 
between the rotors with blades staggered or in line. 


AvuTHOR’s CLOSURE 


The questions on the theory of the instrument, asked by 
Messrs. Moss and Hardie, can best be answered by considering 
what would take place if a cyclic air velocity of amplitude Va 
and frequency w were applied at the open end of the air tube lead- 
ing to the instrument. The amplitude of the cyclic-pressure 
wave of the same frequency which would reach the water surface 


can be shown mathematically to be Va VV PaEs where Pa is the 
mass density of air and Ea is the bulk modulus of elasticity of 
air. Any damping due to fluid friction would reduce this am- 
plitude; but for simplicity, damping is being ignored. 

¥ Professor of Mechanical Engineering, Harvard University, Cam- 
bridge, Mass. Mem. A.S.M.E. 

* Vice-President and Director of Research, B. F. Sturtevant Com- 
pany, Hyde Park, Boston, Mass. 

’“Air Flow in Fan Discharge Ducts,” by Lionel S. Marks, 
Trans. A.S.M.E., November, 1934, paper PTC-56-2. 
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If the openings from which water can escape or enter the water 
chamber are small compared with the tube diameter, as they are 
in the instrument, it can be demonstrated mathematically that 
the amplitude of the pressure wave of the same frequency which 


is transmitted to the water, approaches very closely to Vw V/ Pwke 
where V. is the amplitude of the cyclic water-velocity wave 
which results, Pw is the mass density of water, and Ewis its bulk 
modulus of elasticity. Since the instantaneous pressures of the 
surface of contact of the air and water must balance, it follows 


that, 
Ve 
Ve = Ve 3450 


This indicates that for ordinary frequencies of pulsation, the 
cyclic air motion does not appreciably penetrate the more dense 
and less elastic water. At very low frequencies, the amount of 
water that would be discharged or taken in through even the 
very small orifice used during any half cycle, becomes large 
enough to cause a rapid and appreciable motion of the water sur- 
face. This lower frequency limit is approximately 5 cycles a 
second for the instrument described. 

On the other hand, if a steady air velocity V. impinges on the 
open end of the air tube, the resulting water velocity through 
the orifice would be given by 


yz: ~ 28.8 


From this it is apparent that any cyclic air velocity is scaled 
down by the action of the water 120 times as much as is a steady 
air velocity. It is the conviction of the author that the real ex- 
planation of the instrument is that the cyclic air velocity does 
not penetrate the water and that the flow through the orifice is 
practically steady and is affected very little by the cyclic compo- 
nent. 

At low frequencies, this cyclic component of air velocity does 
penetrate to the orifice, with the result that the water surface in 
the gage glasses oscillates and the instrument becomes useless. 
The instrument can probably be designed for slightly lower fre- 
quencies by decreasing the orifice size and increasing the size of 
the gage glasses. 

In reply to the question by Dr. Moss on the technique of op- 
erating the instrument, it may be said that considerable practice 
is required to adjust the two valves, watch the two water columns, 
keep an eye on a stop watch, and handle the graduate for col- 
lecting the water; but once the skill is acquired, more consistent 
results are obtainable than are possible with a manometer be- 
cause the instrument effectively averages the small variations of 
speed that usually occur in most testing. 

The points involved in questions 4 and 5, asked by Mr. 
Hardie, can best be cleared up by a brief résumé of experimental 
work that has been carried on since the paper was published. 
A series of careful tests at low air velocities showed a consistent 
discrepancy which caused the method of calibration to be re- 
studied. As explained in paragraph 2, column 2, page 782 of 
the paper, the head for calibrating the instrument was obtained 
by holding the two column heights at different levels. When 
the head for calibration was created by an air pressure which was 
also connected to a manometer for measurement, and the water 
levels in the two columns were made equal as they are in actual 
operation, a different calibration curve was found. It was 
raised 15 per cent above the one shown in Fig. 2, page 782, at a 
discharge of 20 ce per minute, and 4 per cent above at a dis- 
charge of 100 cc per minute. 

A very careful study of the technique previously used in cali- 
brating the instrument revealed that the method followed indi- 
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cated a head that was smaller than the actual head by an amount 
equal to twice the capillary head of the glass tubing used in the 
instrument. Later, it was found that by properly manipulating 
the water columns during calibration to eliminate this effect, the 
same calibration was obtained by the two methods. 

When the data used in the calculation of Fig. 5 in the paper 
were referred to this corrected calibration curve, it was found that 
for the blower there was no detectable pulsation under any of the 
conditions of operation. All values of Va» were equal to the 
corresponding values of Vey within a variation of 2 per cent, 
which may be attributed to lack of refinement of the work. 

When the data for the square wave form given in column 1, 
page 783, were corrected from the new calibration curve, it was 
found that for the undisturbed jet, Vav = 122.2, as compared 
with the value Vey = 121.5. With the disk rotating, Va = 
61.0 and Vey = 82.5. This gave a value of Var/Vey = 0.73 
for the square wave, as compared with the theoretical value of 
0.707. 

In a like manner, the ratio of Vav/Vey for the single-cylinder 
engine in Fig. 6 of the paper, had an average value of 0.98 when 
the receiver tank was used, and 0.77 for the direct-intake measure- 
ment. 

The propeller tests shown in Figs. 7 and 8 of the paper showed 
no appreciable pulsation when this connection was made. 

This experimental blunder in the calibration of the instrument 
caused the author to draw misleading conclusions about air 
blowers that he is very happy to correct. It is believed that the 
field of application of the instrument is primarily the measure- 
ment of air to internal-combustion engines and the intake and 
discharge of reciprocating machines. A comprehensive experi- 
mental program is under way, that is designed to improve and 
simplify the instrument and study in detail the action of pitot 
tubes, nozzles, and orifices, both on intake and exhaust, when the 
air is pulsating. It is felt that the work will result in a very use- 
ful contribution to the art of air measurement. 


The Relative Grindability of Coal’ 


R. M. Harperove.? The authors’ contribution on the grind- 
ability of coal has developed some points which may assist to- 
ward the standardization of a uniform method for making this 
determination. 

The authors’ experience with an Abbé Mill confirms our own 
experience of seven years ago and also the experience of Yancey, 
of the Bureau of Mines, in that the results are spotty unless 
lifting ribs are used. 

The development of the 3000-factor for the fraction less than 
300 mesh is very interesting. The 1000-factor used in our method 
was chosen arbitrarily to give results that generally agreed with 
pulverizing practice. As we learned more about the subject we 
found that this factor was still too large. In the writer’s paper, 
presented before The American Society of Mechanical Engineers 
in Chicago, 1933, this question was discussed thoroughly and it 
was shown that pulverizer capacities at 100 grindability are 
only about 60 per cent more than those at 50 grindability for air- 
swept pulverizers, i.e., the range is greater than practical results 
warrant. The most thoroughly scavenged pulverizers, as used 
in closed-circuit systems, however, do approach capacities pro- 
portional to the grindability scale. The use of the 3000-factor 
instead of 1000 naturally increases the range of the grindability 
scale and, therefore, makes the agreement between it and actual 
pulverizer capacity still more of an arbitrary relation than it is 


1 Published as paper FSP-56-13, by H. J. Sloman and A. C. Barn- 
hart, in the October, 1934, issue of the A.S.M.E. Transactions. 

2? Engineer in Charge of Design, Babcock & Wilcox Company, 
New York, N. Y. Mem. A.S.M.E. 
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Fig. 1 COMPARISON OF THE RESULTS OBTAINED BY THE (’.I.T., 
F.R.L., Cross, AND HarpGrove MetHops oF DETERMINING 
GRINDABILITY 
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Fig. 2. CoMPARISON OF THE C.I.T. F.R.L. Mernops oF 
DETERMINING GRINDABILITY 


now. There does not seem to be any good reason for changing 
the 1000-factor now in use. 

The particle-size distribution differs widely in Figs. 4 and 5. 
Fig. 4 is that obtained with the roll and would represent a factor 
of 1300-1500. Fig. 5 is based on an Abbé Mill and represents a 
factor of 2500-3000. This difference would be expected with 
these types of machines but the writer cannot understand why 
the authors use the 3000-factor with the roll machine. 

The comparative results in Table 11 are plotted in Fig. 1, 
using a multiplier of 0.25 for the F.R.L. method and 0.17 for the 
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Cross method which brings all results together at 52 grindability. 
From this graph it is evident that samples four and six are too 
low on the C.I.T. curve. 

The general trend of the C.I.T. line shows the wider range, as 
compared to the writer’s, due largely to the 3000-factor used in the 
C.1.T. method. The high values at 100 grindability are espe- 
cially noticeable. 

In Fig. 2, the C.1.T. values of all 15 samples in Table 11 are 
plotted against the F.R.L. values as a base. 

Assuming the F.R.L. values to be consistent, it would look as 
though the C.I.T. values fall on two distinct lines. We have 
obtained similar results in working with an Abbé Mill and it was 
attributed to either slippage or coated balls, and we rather suspect 
that the low points in this series are low because the roll, or the 
plate became coated and thereby cushioned the grinding. 

The results are not equal in consistency to the F.R.L., the 
Cross, the Bureau of Mines, or the Hardgrove methods, and the 
scale is not nearly as close to the commercial results as the Bureau 
of Mines or the Hardgrove methods. The Bureau of Mines 
method has many desirable features and checks very well with 
the Hardgrove method, but has the one disadvantage of being 
tedious and costly to run. The time required to make a test by 
the C.I.T. method as proposed by the authors of the paper being 
discussed, is even longer than is required for our method. The 
C.I.T. method would seem to be open to more variation in re- 
sults depending upon details in manipulating the roller. 


G. B. Gouup.* Although the work of Messrs. Sloman and 
Barnhart is interesting and valuable, there are two serious ob- 
jections to the method they propose. It appears that their index 
is based upon a method of grinding which reduces only a small 
part of the sample to minus 200-mesh. 

While it may be possible to demonstrate by a series of experi- 
ments that such a method yields reliable results, it is, in my 
opinion a dangerous one to rely on in dealing with a material like 
coal, which is not uniform in structure or hardness. On the con- 
trary, coal, as it is mined and shipped, is a mixture of portions 
of a seam which often differ materially in these respects. 

To take an extreme and impossible condition for purpose of 
illustration, if a sample composed of 75 per cent diamond chips 
and 25 per cent fusain were subjected to test by this method, a 
high grinding index would result, reflecting not at all the great 
amount of work required to reduce the major portion to the de- 
sired size of minus 200-mesh. Coal is a material similar to this 
hypothetical mixture, only differing from it in the range of 
hardness of its various portions. 

For this reason, we have believed from the beginning of our 
experimental work on pulverizing-test methods several years ago 
that one important requirement of a satisfactory and reliable 
method is that at least 80 per cent of the entire sample of the most 
easily pulverized coal should be reduced to minus 200-mesh. 

The disadvantage of assuming that the reduction in size 
resulting from a very slight grinding effect can be reliably pro- 
jected for the whole sample is also present in the method proposed 
by Hardgrove, but the error, if any, is magnified in the method 
here proposed by the high value given to the superfines. 

Assuming that the values assigned to the sizes below 200- 
mesh are theoretically correct, the accuracy of the final index 
depends to a high degree upon the separation and measure- 
ment of sizes as small as 300-mesh. From the standpoint of 
practical commercial laboratory practice, the accurate screen- 
ing of coal through a 300-mesh screen is out of the question. 
By striving to simplify and minimize the grinding work, the 


+ President, Fuel Engineering Company of New York, New 
York, N. Y. Mem. A.S.M.E. 


difficulties of accurately measuring the result are greatly ac- 
centuated. 

The adoption of a fixed screening period would be found un- 
satisfactory if the experiments had been extended over a wider 
range of coals. We tried that but found that some coals, when 
pulverized, are of a very gummy nature and are screened through 
even a 200-mesh screen with great difficulty. 

The unsatisfactory results reported with the pebble mill by 
Messrs. Sloman and Barnhart, as well as by Hardgrove, do not 
indicate any inherent unfitness of this type of mill for the pur- 
pose. 

The method proposed by Yancey employs the pebble mill with 
very successful results, and has the advantages of reducing every 
sample to 80 per cent through a 200-mesh screen, and requires 
screening only through that one screen. From a practical com- 
mercial standpoint, the primary requirement is to reduce the 
major part of the whole quantity to minus-200-mesh, and ¥ancey’s 
method measures the work necessary to do that in a simple and 
direct manner. 


Ouutson Craia.4 Manufacturers of pulverized-coal equip- 
ment realize keenly the necessity of knowledge concerning the 
grindability of the various coals to be used in plants in which 
coal is fired in powdered form. 

R. M. Hardgrove in his paper, ‘Grindability of Coal,’”’> gave 
the industry definite information which was of very great value. 
The main value of Mr. Hardgrove’s paper lay in the fact that 
he gave figures of relative grindability for a large number of 
coals. This was of more practical value than the statement of 
the method by which the figures were arrived at. 

So far as the manufacturers are concerned it is of more im- 
portance that the order of coals as to grindability be known than 
the absolute values be known. Any system which will place 
coals in their proper order of grindability and give reasonably ac- 
curate values and which at the same time makes the values easy 
to determine, is the most desirable from the manufacturers’ 
viewpoint. Mr. Sloman and Mr. Barnhart have proposed a 
method which can be used by any manufacturer or user of coal- 
pulverizing equipment. 

It is our opinion that some method should be standardized 
and adopted by the Society as the recognized method for de- 
termining relative grindability of coal and it is certainly desir- 
able that such a method be reduced to the simplest possible form. 


AvuTuHors’ CLOSURE 


Mr. Hardgrove’s discussion of the development of our 3000- 
factor for minus 300-mesh coal should be amplified by the follow- 
ing explanation. In our Fig. 4 where minus 300-mesh coal was 
obtained with the roll and plate, it is true that the factor was low. 
Because of limited crushing action in the roll test we found that 
there was not a sufficient quantity of minus 300-mesh coal pro- 
duced to perform a satisfactory determination of particle-size 
distribution in that size of coal. In order to obtain a sufficient 
range of size in minus-300-mesh coal, it was necessary to use the 
product from a pebble mill. This determination was by the 
sedimentation-velocity method and was described in the latter 
half of our paper. 

Mr. Hardgrove’s discussion of our 3000-factor does not suggest 
the retention of his 1000-factor, but rather the improvement of 
performance of commercial pulverizing systems to a point where 
they may make full use of the properties of the coals which may be 
fed to the mills. We do not agree that any grindability scale 
should be brought into line of agreement with existing machine 


4 Engineer, Riley Stoker Corp., Worcester, Mass. Mem. A.S.M.E. 
5 “Grindability of Coal,”” by R. M. Hardgrove, Trans. A.S.M.E., 
vol. 54, 1932, paper FSP-54-5. 
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performance because the expected future improvement in pul- 
verizers would render such a scale worthless. Mr. Hardgrove has 
stated that with the use of closed circuits and thoroughly scav- 
enged machines capacities are realized proportional to his grind- 
ability scale. Our factor of 3000 was determined by experimenta- 
tion as the proper one to use for minus-300-mesh coal. While 
this factor does increase the range of the grindability scales 
that have been proposed previously, this increase of range is 
desirable inasmuch as a greater differentiation may be obtained 
with coals of nearly the same grindability. 

In Mr. Hardgrove’s Fig. 1, all results are brought together at 52- 
grindability by the arbitrary choice of factors. In this case it 
would be expected to find a wider range of grindability with the 
C.1.T. method because of the use of the 3000-factor. Mr. Hard- 
grove has plotted his values as a straight line, but should any 
other set of values from the remaining methods be so plotted, the 
variation would be quite as apparent as in his graph. This plot 
has no inherent value and the fact that samples 4 and 6 are too 
low on the C.I.T. curve, as plotted on his Fig. 1, has no signific- 
ance. 

Mr. Hardgrove’s Fig. 2 is plotted with the assumption that the 
F.R.L. values are consistent and the C.I.T. values are shown as 
falling on two distinct lines. We have plotted Mr. Hardgrove’s 
eight values from our Table 11 and, in comparison with the 
F.R.L. method, his values also fall on two distinct lines with 
greater divergence than the C.I.T. method. Nothing is proved 
but the arbitrary assumption of the accuracy of the F.R.L. 
method. 

We agree that there is some cushioning between the plate and 
roll of the C.I.T. method, but we also assert that there is less 
cushioning and attrition in this method than in any of the other 
proposed methods. The best that can be hoped for is to reduce 
cushioning to a minimum inasmuch as it cannot be eliminated 
entirely. 

Contrary to the opinion expressed by Mr. Hardgrove, the 
variatior in the results of the C.I.T. method depends very little 
upon details in manipulating the roller. This is evident from the 
results quoted in the paper where three different operators 
checked very closely when using the same coal. 

The time taken to actually perform a test is less than any other 
proposed method. We stated in the paper that 90 minutes were 
required to make complete duplicate tests; this included screen 
analysis, weighing, and calculations. The actual grinding with 
the roll can be accomplished in less than one minute. 

The data obtained by H. F. Yancey et al do not substantiate 
the opinion expressed by Mr. Gould that it is necessary for 80 
per cent of a material to pass through 200-mesh. Doctor Yancey 
of the U. S. Bureau of Mines, in his paper presented before the 
A.I.M.E. in February, 1934, showed that plotting cumulative 
per cent passing 200 mesh against the number of revolutions of 
the mill gave a straight line up to 50 per cent or more through 200- 
mesh, depending upon the grinding characteristics of the par- 
ticular coal, and stated that the slope falls off at higher percent- 
ages, probably due to increased weight of unfinished material and 
accumulation of material harder to grind. The data from Doctor 
Yancey’s paper indicate that the hypothetical case of Mr. Gould’s 
mixture of 75 per cent diamond chips and 25 per cent fusain has 
no application in coal-grindability testing. Coals which are 
shipped today do not have large percentages of hard extraneous 
material as in Mr. Gould’s assumption. 

Mr. Gould thinks it is impractical to screen coal through 300 
mesh and adopt a definite screening period. This might be true 
if 500-gram samples were used as in the Bureau of Mines method. 
However, when 20-gram samples were used as discussed in the 


paper, no difficulty was experienced. The data given in Table 6 
show that by simplifying and minimizing the grinding work, the 
difficulties of accurately measuring the results have not been 
greatly accentuated. 

In regard to the Bureau of Mines method, we agree with Mr. 
Hardgrove when he mentions the disadvantages of its being 
tedious and costly to operate. The Bureau of Mines method re- 
quires the handling of the sample too many times, resulting in the 
loss of fine coal and difficulty of cleaning mill and balls. We 
feel that this method would require more rigid technique than the 
average consumer would care to provide. 

In closing, we again wish to stress the simplicity and ease 
of duplication of the C.I.T. method, and one which does not 
call for expensive special apparatus nor a high degree of skill to 
operate. 


Further Experiments on the Varia- 
tion of the Maximum-Lift Coefficient 
With Turbulence and Reynolds’ 


Number’ 


E. A. SraLker.? The investigations conducted by Dr. 
Millikan on the value of the maximum-lift coefficient have been 
very important. As to the behavior of the three airfoils, U.S.N. 
P6, Clark Y-18, and N.A.C.A. 2412, it is pertinent to consider 
the stagnation point on the lower surface of the section. A high 
arching of the mean-camber line will shift the stagnation point 
rearward so that in the case of the highly cambered section, the 
flow going over the upper surface will travel a greater distance 
than in the case of the low mean-camber section. There will 
consequently be time or distance in which the boundary layer may 
become turbulent. On a flat plate the turbulence would just 
be forming at the trailing edge for a Reynolds number of 500,000, 
the value at which Dr. Millikan’s curves begin; but for a flow 
about a wing nose the turbulence would occur much earlier. It 
would appear that the highly cambered wing, already having the 
mechanies for generating its turbulence, would benefit little from 
additional turbulence introduced into the airstream. It would 
also appear that a wing section of low mean-camber height would 
be benefited by a flap to a greater extent that a highly cambered 
wing. The above observations appear to be borne out by Dr. 
Millikan’s experiments since wing U.S.N. P6 has a value of the 
mean camber line of 9.2 per cent, while Clark Y-18 and N.A.C.A. 
2412 have only 4 and 2 per cent, respectively. The presence of a 
depressed flap may also be considered as converting a given wing 
section into a more highly cambered one. 

It thus appears that certain assumptions should be made about 
the behavior of both the upper- and lower-surface stagnation 
points. It may be that the assumption that the upper-surface 
stagnation remains at the trailing edge will prove sufficient, 
but it is, of course, possible to have an orderly travel of this 
point forward and yet preserve a straight-line lift curve. In 
fact, this is what experiment actually shows. It seems to be 
more desirable, however, to use the simpler assumption, at least 
until the effect of the lower stagnation point is investigated. It 
might also be that a connection with the location of the most 
forward center of pressure position could be established. 


1 Published as paper AER-56-14, by Clark B. Millikan, in the 
November, 1934, issue of the A.S.M.E. Transactions. 

2 Professor of Aeronautical Engineering, University of Michigan, 
Ann Arbor, Mich. Mem. A.S.M.E. 
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Some Physical Properties of Water 
and Other Fluids 


By ROBERT L. DAUGHERTY,! PASADENA, CALIF. 


Absolute and kinematic viscosities of various liquids 
and gases as functions of temperature are shown by 
curves plotted on the same diagrams to the same scales 
so that these properties for different fluids can be readily 
compared. 

Pressure, volume, and temperature relations for water 
are shown graphically, as are values of the volume modulus 
of elasticity for a wide range of pressures and tempera- 
tures. From recent data presented by Smith and Keyes 
it was possible to compute values of the specific heat of 
water for all temperatures up to the critical and for all 
pressures from saturation up to 350 atmospheres. These 
values are here shown. 


NE of the important physical properties of all fluids is 
() viscosity but, although much has been published on the 

subject, the material as presented is tabulated in dif- 
ferent units or shown on charts with different scales. Further- 
more, different classes of fluids, such as gases and liquids, have 
been shown separately, so that it is not at all obvious as to how 
they compare, one with the other. 

The writer, therefore, thought it would be of interest to engi- 
neers to gather together data on fluids which differed widely and 
to plot all of it on one chart to the same scale so that their relation- 
ships could be seen at a glance. In Fig. 1 are shown the viscosi- 
ties of such dissimilar fluids as mercury, hydrogen, air, residuum 
or fuel oil, ammonia, and brine. These are all fluids that are of 
interest to the engineer. Furthermore the viscosity curves for 
saturated water and saturated steam have been joined at the 
critical temperature to illustrate the way in which the viscosities 
of all liquids and their vapors must coincide at the critical point. 

It may be noted that the viscosity of either a liquid or a gas is 
practically independent of pressure for a moderate pressure 
range such as is ordinarily encountered in engineering work, but 
for very high pressures of the order of several thousand pounds 
per square inch there is an appreciable variation, especially in the 
case of liquids. But even then the change in viscosity is only a 
small fraction of the viscosity values shown in Fig. 1. 


' Professor of Mechanical and Hydraulic Engineering, California 
Institute of Technology. Vice-President, A.S.M.E., 1928-30. Pro- 
fessor Daugherty was graduated in mechanical engineering from 
Stanford University in 1909 and received his master’s degree in 1914. 
He was assistant in mechanics at the University during 1907-1908; 
assistant in hydraulics, 1908-1909; and instructor in mechanical en- 
gineering, 1909-1910. From 1910 to 1916 he was assistant professor 
of hydraulics at Cornell University, resigning to become professor of 
hydraulics at Rensselaer Polytechnic Institute. Three years later 
he joined the faculty of the California Institute of Technology as 
head of the mechrnical engineering department. In addition to 
teaching Professor Laugherty has been actively engaged in consulting 
work. 

Contributed by the Hydraulics Division and presented at the 
National Aeronautic-Hydraulic Meeting, Berkeley, Calif., June 19, 
20, and 21, 1934, of American Society oF MgcHANICAL ENGI- 
NEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1935, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


In most engineering problems one is concerned with the ratio 
of viscosity to density, and this ratio is called kinematic viscosity. 
Since the density of all gases varies in a marked manner with the 
pressure, it is obvious that the kinematic viscosity of a gas is af- 
fected greatly by the pressure. Values of kinematic viscosities 
are shown in Fig. 2, and it is very interesting to compare these 
values with those in Fig. 1. Thus hydrogen which gives the 
lowest curve in Fig. 1 appears near the top in Fig. 2, while the 
lowest curve in Fig. 2 is for mercury. Of course for a gas one 
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may draw any number of curves for 
kinematic viscosity, depending upon the 
pressure chosen, such as is illustrated in 
Fig. 2 by air at atmospheric pressure and 
at 100 lb per sq in. 

It is also interesting to note in Fig. 2 
that at a temperature of about 200 F the 
kinematic viscosities of residuum, lubri- 
eating oils, heavy crude oils, saturated 
steam, and air at atmospheric pressure, 
as well as methane and therefore natural 
gas, are all approximately the same. 
Thus in the case of flow in a pipe line 
they would all have about the same 
Reynolds number for the same pipe size 
and velocity of flow and, therefore, 
would have about the same friction factor. 

Another important property of fluids 
is the relation between pressure, volume, 
and temperature. This relationship is 
very simple in the case of the ideal or per- 
fect gas and in so far as actual gases may 
be assumed to follow the perfect gas laws, 
the problem offers no difficulties. But 
vapors, which depart widely from per- 


fect gases, cannot be treated so simply and neither can liquids. 
So far as our present knowledge goes these relationships are com- 
plex and are also purely empirical. In the upper right-hand 
corner of Fig. 3 is shown the field covered by the known data for 
water. P. W. Bridgman has thoroughly covered the range from 
0 to 95 C from 500 atmospheres up to 12,000 atmospheres, while 
L. B. Smith and F. G. Keyes have measured these properties 
from 30 to 360 C and for pressures up to 350 atmospheres. Ap- 
parently Bridgman extrapolates back to saturation pressure, 
while Smith and Keyes extrapolate down to 0 deg temperature. 
Thus values as given by these two sources do not agree precisely 
in the field of low temperatures combined with low pressures, and 
the accuracy of values given by either may be questioned in this 
range. A limited amount of data has been determined in this 
low-temperature low-pressure field by several investigators such 
as Amagat and Tyrer. On the other hand no data at all have 
been determined for very high pressures combined with very high 
temperatures. While such a combination might be of great 
theoretical interest, it is fortunately of small practical value. 

The lower portion of Fig. 3 shows Bridgman’s values in more 
detail and to the same scale is shown a small portion of the Smith 
and Keyes data. 

The compressibility of gases is important because of the mag- 
nitude of the volume changes. The compressibility of solids is 
very small, but in many cases of engineering structures even small 
changes in dimensions may result in stresses so great that they 
cannot be neglected, small though they be. 

In the case of liquids their compressibility is often of small 
practical importance and hence this property is frequently ig- 
nored. However, it is of interest to note, for instance, that water 
is about 100 times as compressible as mild steel. But air at at- 
mospheric pressure is 20,000 times as compressible as water, and 
at 300 lb per sq in. it is still 1000 times as compressible. 

A practical case where compressibility of water is important 
is in the study of water-hammer phenomena. The volume modu- 
lus of elasticity, which enters into formulas dealing with water 
hammer, is the reciprocal of the coefficient of compressibility. 
For a perfect gas it may be shown that its isothermal volume 
modulus of elasticity is equal to the absolute pressure of the gas, 
but for other fluids calculation of the values is more involved. 
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Temp 


In Fig. 4 are shown values of the isothermal modulus of elas- \40 / 
ticity for water at various temperatures and pressures. In the / / 
case of water hammer the action is practically adiabatic. The 130 

value of the adiabatic modulus may be obtained by multiplying J} 


the isothermal value by c,/c,, the ratio of the specific heat at 
constant pressure to that at constant volume. Values of this 1.20 7 y 


ratio are given in Fig. 7, which shows that for the temperatures 
usually encountered in such problems the difference between the 
two moduli is less than 2 per cent. This is really less than the —‘|!0 A 
uncertainty as to the correct value of the isothermal modulus it- LE s 
self, as may be seen in Fig. 5. Also any uncertainty as to the Cp- he 

proper value of the modulus for water is less than the uncertainty = Ee 
as to the value to be used for the pipe line in connection therewith. rong om je = 
The construction of a pipe line with joints, saddles which restrict 999 r2 — = ad 
movement, and other similar features makes the pipe as a whole of So, 
behave differently from what it would if it were a homogeneous Qe, ill 
structure. 0.80 

According to the Bridgman data, the value of the isothermal —— 
modulus at any one temperature increases with the pressure al- \ 
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> 


NY 


\ 


the lines in Fig. 4 could readily be extended, if desired. From 
the Bridgman and Tyrer data the value of K at any given pres- — gg 


sure is found to increase from 0 deg up to a maximum value at go Tg 


about 50 C and then to diminish again, while the Smith-Keyes 
data show that it continually decreases at an increasing rate as —-0.50 > Ay 


higher temperatures are reached. 
Values of K as a function of temperature according to various 


observers are shown in Fig. 5. An approximate arithmetical 
determination of the modulus from the pressure-volume data di- Temperature, Degrees C 

rect involves very small differences between large quantities. Fic. 6 

Hence any slight error in the volumes is much magnified when TEMPERATURE F 

differences are taken. Therefore the derivative of the pressure- 50 140 ~3=. 230 320 4410 500 590 
volume curve is very much less accurate than the curve itself. | | | | | | 
This accounts for the discrepancies observed in Fig. 5. / 
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The values of K so far shown are so-called “instantaneous” 
values, that is, they apply to an infinitesimal change of volume 
only. From the definition of K = V (dp/dV) may be obtained 
dV/V = dp/K. The integral of dV/V is log, V2/Vi, but to 
evaluate the integral of dp/K it is necessary to resort to graphical 
methods. Values of 1/K may be plotted against simultaneous 
values of p as obtained from Fig. 4. The area under this curve 
between the limits of p; and p, will then be the value of log, V2/V1, 
from which V2 may be obtained for any pressure change from p; 
to pe, assuming V, to be known. 

If curves of (1/K,,,) were constructed as functions of pressure for 
various temperatures, where K,, is a mean value from some fixed 
initial pressure p,, it is obvious that the value of loge V/V: could 
then be obtained by multiplying (pz — p,) by the value of (1/K,,,) 
corresponding to po. 

There is often given the expression K,, = V; VY, 

K,, is a mean value for the pressure range concerned. This 
equation is not correct theoretically, but it may be shown that if 
(Vi— V2) is 1/10 of V; the value of (V; — V2) computed by it will 
be 4.8 per cent too high. As the change in volume becomes 
smaller the error in this formula rapidly diminishes, so that it may 
often be used as an approximation. 

Some thermal properties of water and steam are shown in 
Figs. 6 and 7. The values are for the various specific heats and 
are given in this paper because they are derived in large part from 
the pressure-volume-temperature relations such as those in Fig. 3. 
Since the specific heats involve second derivatives there may 
be some question as to the absolute accuracy of the values shown, 
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but at least they show the way in which these quantities vary. 

The values given in both Figs. 6 and 7 are instantaneous values. 
Mean values for any given range could be obtained by graphical 
integration. The saturation curves are of course merely the loci 
of the terminal points of a series of constant-pressure curves. 
The saturation curves for both water and steam for the specific 
heats at constant pressure approach infinity at the critical tem- 
perature. On the other hand the specific heat at constant volume 
may have a large value at the critical temperature, but it is still 
finite. 

For pressures above the critical the specific heat of water at 
constant pressure is finite at the critical temperature, and the 
higher the pressure the less the maximum value attained by a 
given curve. However there is a complete absence of actual 
data in this region and the dotted curves are merely hypothetical. 
The critical pressure is about 220 atmospheres or about 3224 lb 
per sq in. The highest pressure for which data now exist is 
350 atmospheres and does not go beyond 300 C, but the dotted 
curves correspond to very much higher pressures and tempera- 
tures than these. 

For moderate temperatures the ratio of c,/c, is apparently 
very nearly independent of the pressure. But at the critical 
temperature the saturation value would be infinite, while that 
for a pressure above the critical would be finite. Hence the 
values of this ratio for different pressures must diverge very 
greatly as the critical temperature is approached. 

It is surprising that for a substance as common as water, and 
of so much importance to us, there is still so much uncertainty 
about exact values of many of its properties. 
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Propeller Pumps 


By M. P. O'BRIEN! anno R. G. FOLSOM,? BERKELEY, CALIF. 


This paper presents a simplified method of design with 
performance prediction throughout a reasonable portion 
of the operating range near the design point of propeller 
or axial-flow pumps. The results obtained by this method 
are compared with test characteristics for a known pump 
and very good agreement obtained. Cavitation phenomena 
are not considered. 

The system of computations is based essentially on the 
propeller-blade element theory as used by Pfleiderer. The 
assumptions involved are clearly stated and the validity 
of each discussed. A theoretical proof for the desirability 
of constant total head being developed over the propeller 
disk is given. A sample computation is included which 
clearly illustrates the application to an actual pump. 

Equally good agreement was found in computing the 
characteristics of a propeller fan. 


HE theory of propeller pumps may be developed from 
‘iw essentially different points of view. One treatment 

starts from a theory applicable to an infinite number of 
blades and applies a correction for real conditions. The other 
starts from the lift and drag exerted by streamlined sections 
and corrects for the interference of adjacent blades. The latter 
conception forms the basis for the computations included in 
this paper. 

The method of computations is essentially that used by 
Pfleiderer* with, however, modifications which result in a better 
agreement between the computed and measured head-capacity 
characteristics. Many of the basic principles involved have 
been discussed in a recent paper by Spannhake‘ and will not 
be repeated here. The original aim was to compare measured 


1 Associate Professor of Mechanical Engineering, University of 
California. Assoc-Mem. A.S.M.E. Professor O’Brien received his 
B.S. in Civil Engineering from the Massachusetts Institute of 
Technology in 1925, and served as assistant in civil engineering at 
Purdue University from 1925 to 1926, and research assistant, Engi- 
neering Experiment Station, from 1926 to 1927. During 1927 and 1928 
he held the Freeman Traveling Scholarship of the American Society 
of Civil Engineers, and was assistant research engineer at the Royal 
College of Engineering, Stockholm, Sweden, during the same period. 
Since 1928 Professor O’Brien has been on the faculty of the University 
of California. 

2 Instructor, Department of Mechanical Engineering, University 
of California. Jun. A.S.M.E. Mr. Folsom received the degrees of 
B.S., M.S., and Ph.D. from the California Institute of Technology 
in 1928, 1929, and 1932, respectively. Since his graduation in 1928 
he has worked for one year as part-time research assistant at River- 
side Cement Company, Riverside, California; four years as teaching 
fellow at the California Institute of Technology; and one year as 
engineer for the Water Department of the City of Pasadena, Cali- 
fornia. He has been at the University of California since 1933. 

5 “Die Kreiselpumpen,”’ by C. Pfleiderer, second edition, J. Springer, 
Berlin, 1932. 

‘Problems of Modern Pump and Turbine Design,’ by W. 
Spannhake, Trans. A.S.M.E., 1934, pp. 225-248, paper HYD-56-1. 

Contributed by the Hydraulics Division and presented at the 
National Aeronautic-Hydraulic Meeting, Berkeley, Calif., June 19, 
20, and 21, 1934, of Tae AMERICAN SocieTY OF MECHANICAL ENGI- 
NEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1935, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


results with those computed from a very simplified theory and 
give an indication of the direction and magnitude of the correc- 
tions that must be applied. The discrepancies between theory 
and measurement were found to be so small as to indicate that 
the simplified theory provides a practical method of design. 

Data on a 20-in. pump of the Pfleiderer type were furnished 
by the Byron-Jaekson Company for making the comparison. 
The method outlined is applicable to any similar type of axial- 
flow pump, provided the aerodynamic characteristics of the blade 
sections are known. 

Cavitation is an important factor in the operation of propeller 
pumps. In the computations which follow it is assumed that 
the pressures are everywhere sufficient to prevent the formation 
of cavities. 


Basic EquaTIONS 


The fundamental equation for the operation of centrifugal 
pumps (radial, mixed, and axial flow) is obtained from the 
principle of torque and angular momentum. As applied to 
fluid problems, the equation is 


AT = 


If the discharge is imagined to be divided into small elements 
AQ, the quantities Vusr3 and Vuoro for the elements may vary 
both radially and with position between the blades at a constant 
radius. Equation [1] is often stated to be valid only for an 
infinite number of blades but this view is not correct; it has 
the same validity as Newton’s equations of motion and the 
reason for assuming an infinite number of blades is that the 
velocity component V, can then be specified. This distinction 
is unimportant perhaps but it places the application of the equa- 
tion on a somewhat different basis, in that the problem is to 
find methods for predicting the component V, rather than to 
devise corrections which will make Equation [1] valid. 

Integrating Equation [1] so as to take into account the varia- 
tions mentioned, the actual torque is 


T = (Vusrs Vero) [2] 


Multiplying by the angular velocity and equating the result to 
the power output, gives as the equation for the head developed 


The simplified theory presented here is based upon the char- 
acteristics of airfoils and it is convenient to rewrite the pre- 
ceding equations in terms of the circulation about the blades 
so as to obtain the forms commonly used in aerodynamics. 
The circulation is the line integral of the velocity around a closed 
path and its value at a constant radius for axially symmetrical 
flow is 
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The circulation about each of the blades is 


r, = (Ts — 
and 


Including the drag of the blades, Equation [7] becomes 


The lift on a unit length of one blade in an infinite row is 
L=pv, 7, 
where the numerical value of V,, is Vus/2. Substituting for I, 


T,= + zrL tan cos 
2x0, 


Multiplying Equation [10] by the angular velocity and equating 
the result to the power input gives 


zLw werL tan d cos B, 
7Q 


Since L is referred to unit length of blade, the discharge at any 
radius can be expressed as 


Hy 


The number of blades is 2xr/t and the equation for the lift is 
L = 
Substituting these quantities in Equation [11] and simplifying 


2 
(‘ cos \ + sin cos [14] 
But V;/v,. = sin 8, and 


f 29 cos 

Equation [15] gives the head developed at a certain radius 
on the assumption that the flow is two-dimensional or, in other 
words, that radial flow does not occur. Equation [15] provides 
a method of estimating the velocity terms entering Equation [3], 
which may be rewritten as 


: (Vas — Vus) 


for an axial-flow pump. Here, Ha is the head developed at the 
radius corresponding to u and the velocity terms are average 
values. 

Equations [15] and [16] apply to the conditions at a given 
radius and the next problem is to determine how H, should vary 
radially to give optimum results. The most desirable condition 
is that H, be a constant. The stability of the pressure dis- 
tribution at discharge resulting from a constant developed head 
will be investigated. Solving Equation [16] for the tangential 
component at discharge 


Assuming that the flow is originally axial, Vuo = 0. The pres- 
sure change between inlet and discharge at any radius is then 
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For pure axial flow, Vj = V;,; and the pressure change as a 
function of radius is 


Since all of the flow had the same pressure originally, Equation 
[19] represents the variation in pressure in the plane of discharge. 

It has been assumed here that each element of flow remains 
at a constant radius and it is now necessary to determine whether 
such a condition is possible with the pressure distribution given 
by Equation [19]. For motion in circular or spiral paths, the 
radial-pressure gradient is 


H 
Substituting V, = ~ and integrating gives 


H2 
constant — 

2 

The pressure variation of Equation [19] is seen to be consistent 
with that necessary for flow at constant radius and it is evident 
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that an axial-flow pump should be designed so as to make H, a 
constant. This requirement has not been generally adopted for 
the design of propeller pumps and fans and, in fact, some methods* 
aim at a constant pressure over the section at discharge, a con- 
dition which would result in radial flow. 

An interesting feature of Equation [19] is that it shows the 
necessity for a hub on both fans and pumps. For a constant 
developed head, the pressure drops rapidly from the tip of the 
blade inward and will reach very low values if the inner radius 
is small. 


PrepicTion oF Heap-Capacity CHARACTERISTIC 


The theoretical treatment of propeller pumps and fans has 
been carried to such a point as to make application difficult and 
very few experimental checks on the validity of this theoretical 
work have been published. Having this in mind, the authors 
have used a simplified theory to predict the head-capacity curve 
of a pump which had been tested and for which complete design 
drawings were available. Certain corrections were omitted 
deliberately because the primary aim was to find the simplest 


5 “The Propeller-Type Fan,’ by O. G. Tietjens, Trans. A.S.M.E., 
vol. 54, 1932, paper APM-54-13, pp. 143-152. 
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method of design which is also reliable. The good agreement 
between theory and measurement may have been fortuitous and 
comparisons for other pumps may show that certain modifica- 
tions of this simplified treatment are necessary. Recent applica- 
tions of this method to propeller fans showed good agreement 
between computed and measured head-capacity curves. 

The assumptions upon which the simplified theory is based 
are as follows: 


1 No radial component of velocity in the pump. 

2 No rotational component and uniform axial velocity at 
entrance. 

3 Lift and drag coefficients of blade sections are the same as 
for a single airfoil with an infinite aspect ratio. The angle of 
attack is corrected for mutual interference. 

4 The shock loss on entering the guide vanes depends upon 
change in the rotational component of velocity. 


TABLE 1 GENERAL CHARACTERISTICS OF PROPELLER 
PUMP OF FIG. 2 


Section radius, ft....... 0.354 0.474 0.594 0.714 0.833 
Blade velocity, ft per sec 32.8 44.0 55.1 66.2 77.3 
thick thin thin 
Blade sections, Gétt.... No. 387 No. 490 No. 490 No. 490 No. 490 
Section multiplication 
Oe 1.287 0.800 0.655 
Approx. N.A.C.A. 
equivalent......... 6415 5311 4309 3307 2306 
Normal(Bo+a)N.A.C.A. 38° 48’ 25° 55’ 47" 
| 0.736 0.625 0.602 0.581 0.562 
Guide-vane entrance 
54° 60° 40’ 66° 25’ 69° 13’ 71° 48’ 
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Fig. 2. 20-In. PropeLLER Pump OF THE PFLEIDERER TYPE 


5 The friction losses may be broken into two distinct por- 
tions, namely, that caused by the drag of the propeller blades 
and that resulting from frictional resistance in the stationary 


Water passages. 
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6 The head developed by the pump as a whole is the weighted 
average of the heads developed at each radius. 


Before discussing the errors introduced by making these 
assumptions, the method of computation will be illustrated by a 
numerical example based upon the pump shown in Fig. 2. The 
general characteristics of this pump appear in Table 1. Applica- 
tion of the method requires the assumption of a discharge and 
computation of the corresponding head by successive approxi- 
mation. A direct computation of the head does not appear 
possible. 


EXAMPLE 


For a discharge of 12,000 gpm, the axial velocity just previous 
to entrance to the pump is Vy. = 15.0 ft per sec. At a radius 


So 
SN 
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Fic. 3 Inrinire-Aspect-Ratio Data For N.A.C.A. AIRFOIL 
Section No. 4309 From N.A.C.A. TecunicaL Report No. 460 


of 0.594 ft, the blade profile is a Géttingen No. 490 airfoil section, 
the characteristics of which may be closely approximated from 
the N.A.C.A. test results given in Technical Report No. 460. 
Fig. 3 presents the characteristic curves for the N.A.C.A. airfoil 
section No. 4309 which is very nearly identical with the No. 490 
Géttingen section. Five radii were used in computing the head 
characteristics, and curves similar to those in Fig. 3 must be 
known for each section if the blade shape changes. This example 
will be carried through for one radius only since the method is 
exactly the same for the other radii. 

The operating speed of the pump is 885 rpm, and the pe- 
ripheral velocity of the blade section is 55.1 ft per sec. The next 
step is to assume a value of H, and compute the corresponding 
head given by Equation [15]: 

Assume H, = 18 ft 

From Equation [16] with Vuo = 0 


Vis = 18 X 32.2/55.1 = 10.5 ft per sec 


v2 = V,? + (u — Vus/2)? = 15.0? + (55.1 — 10.5/2)? 
= 2704 (ft per sec)? 


TABLE 2 COMPLETE COMPUTATIONS FOR THE 20-IN. PFLEIDERER-TYPE PROPELLER PUMP SHOWN IN FIG. 2 


Blad SRA pis 12° 47’ 12° 47’ 12° 47’ 12° 47’ 9° 47 15° 17’ 
paca ane Pern: 6,000 10,000 12,000 14,000 9,700 14,300 
Axial velocity, ft per sec..... 7.49 12.47 14.98 17.43 12.11 17.85 
08 «(14.7 0.2 0.4 18.0 0% 155 0706 14.0... 0.4 
Section r = 276 3:9 2:7 204 1.0 08 16.3 0.2 0.5 13.0 Lee 05 17.4 06 0.7 155 ... 0.5 
ction r = 343 44 23 235 11 1.0 18.0 0.3 0.8 12.9 than 08 18.2 0.4 1.1 17.3 0.1 0.7 
Section r = 116 4.7 4.7 25.7 09 1.6 18.8 02 1.3 12.2 0.05 1.2 17.4 02 16 19.0 01 1.2 
ction ¢ @ 47.2 46 52 28.5 1.0 2.3 20.0 0.2 1.8 12.1 17 167 0.1 2.3 21.7 0.1 1.6 
“2 “21.5 16.6 11.6 15 16.8 
Ha — hs — 21. : 
10 14 0.9 2.0 
27.6 15.2 9.6 14.7 14.8 
77.1 84.0 76.2 85.0 83.7 
e (Test overall effi.), per cent 53 
81 67 58 48 
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tan B,. = V,/(u — Vus/2) = 15.0/(55.1 — 10.5/2) = 0.3005 
8.. = 16 deg 44 min 
Blade angle (8,, + a) = 19 deg 24 min 
Angle of attack, a = (19 deg 24 min) — (16 deg 44 min) 
= 2deg 40 min 
From Fig. 3, C;, = 0.64 and Cp, = 0.0098 
Tan \ = Cp)/C, = 0.0098/0.64 = 0.0153 
»\ = O deg 53 min 
Cos » = 0.9999 
(8,, +d) = 16 deg 44 min + 0 deg 53 min = 
Sin (8,, + A) = 0.3026 
c/t = 0.602 
From Equation [15] H, = 0.64 X 0.602 X (55.1/15.0) 
X (2704/64.4) X (0.3026/0.9999) 
H, = 18.04 ft 


17 deg 37 min 


This head agrees with the assumed value within the accuracy 
of the computation. If the assumed and computed values do 
not agree, another assumption is made and the computation 
repeated. 


The shock loss on entering the guide vanes is assumed to be 
h, = [Vus (Vj4/tan a4) ]?/29 
a, = 66 deg 25 min and tan ay = 2.291 
h, = [10.5 — (15.0/2.291) ]?/64.4 = 0.25 ft 


The friction loss through the propeller resulting from the 
section drag is 
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h, = 0.64 X 0.602 X (2704/64.4) X (0.0153/0.2879) = 0.86 ft 


The net head at the radius r = 0.594 ft uncorrected for friction 
in fixed passages is 


H,—h, —h, = 18.04 — 0.25 — 0.86 = 16.93 ft 


A similar computation is carried through for all five radii. 
The resulting heads are averaged on the basis of area by plotting 
head versus r? as shown in Fig. 4. The average ordinate is 
obtained by planimetering the area. For this problem the aver- 
age head uncorrected for friction in the fixed passages is 16.6 ft. 

All other losses in the pump test section can be represented 
by an equation of the type 


hy = K(V,?/2g) 


where K is a characteristic of the water passages and should not 
vary with either capacity or speed, within the usual range of 
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conditions. The magnitude of K can be approximated from 
tables of hydraulic friction losses. For the pump under con- 
sideration, K has been estimated at 0.4. Therefore, at 12,000 
gpm 

A, = 0.0062 X 15.0? = 1.4 ft 


The estimated net head is then 
H = (H,—h, —h,)ave — hy = 16.6 — 1.4 = 15.2 ft 
The hydraulic efficiency is 
€, = 15.2/18.1 = 84 per cent 


The results of all computations appear in Table 2 and a com- 
parison of the computed and measured results is shown in Fig. 6. 
In addition to the normal angles shown in Fig. 2, and listed in 
Table 1, the comparison includes two points with the blades 
rotated about their own radial axes. 

Equation [21] gives the pressure distribution which will tend 
to prevent radial flow and this was also found to be the pressure 
distribution resulting from the condition, H, = constant. In this 
example, the computations indicate that H, varied materially 
along the radius producing a radial flow and a corresponding 
additional energy loss. In Fig. 5, the pressure distribution has 
been computed at each radius from 


= Hy— (V2 + Vus?)/2g 


and compared with the ideal pressure distribution, assuming 
(Ha)avg to be the head developed at each radius. The difference 
between the two curves is a measure of the head available to 
cause cross-flow. 
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HYDRAULICS 


LIMITATIONS OF THE SIMPLIFIED THEORY 


The surprisingly good agreement between the computed and 
measured head-capacity characteristics should not obscure the 
fact that the theory, on which the method of computation is 
based, neglects a number of important factors. The computed 
results themselves show an inconsistency in the case of the point 
for 14,000 gpm on the curve for 12 deg 47 min, in that the hy- 
draulie efficiency computed is 76.2 per cent while the measured 
overall efficiency is 77 per cent. 

To emphasize the degree of approximation involved in this 
simplified theory, the neglected factors are enumerated and 
discussed. 

(a) Leakage Around the Blade Tips. The leakage expressed 
as a percentage of the net discharge will decrease with increasing 
pump size. Assuming that the average pressure difference 
between the two sides of the blades is equal to the average 
developed head, the backflow around the blade tips from the 
upper to the lower side is approximately 


Q, = 0.6 a V/(2g H,) 


For the pump considered in the example the radial clearance 
was 0.03 in. and the length of each blade was 0.83 ft. Using 
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these values, the total backflow for the three blades is 0.135 cu 
ft per sec or 0.5 per cent of the net discharge. 

In computing the head produced by a 32-in. pump of the 
same type as considered here, Pfleiderer assumes arbitrarily 
that the leakage and obstruction of the blades together ac- 
count for an increase in the axial component amounting to 10 
per cent. 

A correction for the obstruction of the blades is unnecessary if 
the head is based upon airfoil characteristics with corrected 
angles of attack and Pfleiderer’s correction really represents 
leakage only. In Fig. 7, his point for a 32-in. pump is com- 
pared with measured values for a geometrically similar 20-in. 
pump. The difference is believed to result from his excessive 
correction of the axial velocity. 

In the theory of airplane propellers, where the tip of the blade 
is free, the circulation decreases from the center outward and 
an induced drag develops. In addition to the added resistance 
in the direction of motion, there is a change in the effective angle 
of attack. Because of the small leakage around the blade tips, 
conditions in a propeller pump with small clearance are believed 
to correspond closely to an infinite length of airfoil and no correc- 
tion has been made for induced drag and the accompanying 
change in the angle of attack. 

(b) Interference of Adjacent Blades. Numachi and Weinig 
find that in an ideal fluid adjacent blades at certain angles cause 
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an increase in the lift coefficient, while experiments on airplane- 
propeller sections show a decrease for the same arrangement.*? 
The magnitude of the effect depends upon the value of c/t and 
the propeller experiments do not apply to the pump studied so 
that a correction could not be made on the basis of experimental 
data. In the example, the method of computing the angle of 
attack includes a correction for blade interference. 

(c) Variation in Blade Section. The lift and drag coefficients 
have been selected from data which are applicable to an infinite 
length of constant section and have been applied to a blade 
having a section which changes with radius. The method of 
handling this problem in the design of airplane propellers does 
not appear to be applicable to pumps with small clearance at 
the blade tips and no correction has been made. 

(d) Uniform Axial Velocity and No Tangential Velocity at 
Entrance. This assumption is believed to correspond very closely 
with the actual conditions because the bell-mouthed inlet section 
is short and contracts rapidly. Such an inlet is known to give 
an almost uniform velocity distribution for some distance beyond 
the end of the converging section. The arms supporting the 
lower bearings are streamlined and tend to prevent prerotation 
although they probably do not eliminate it entirely. 

(e) Frictional Drag at Walls. The relative velocity decreases 
to zero at both the hub and the housing. The combined effect 
is a rotation of the fluid in planes perpendicular to the shaft and 
in a direction opposite to that of the impeller. The water moves 
in aspiral path between the blades and 2ven in a pump developing 
the same head at every radius, radial fiow occurs. 

(f) Average Head. The method of computing the head as 
the weighted average of the heads developed at each radius 
seemed at first to be based upon a very unsound assumption but 
closer study gave it a better appearance without fully justifying 
it. The axial component of velocity is probably uniform in the 
discharge plane and loss of head will not result from mixing with 


elements at different radii. Variations in pressure from the. 


ideal curve result in cross-flow without, however, bringing about 
a substantial loss of mechanical energy. The remaining factor 
is the tangential component of velocity. Taking an average of 
the heads developed at each radius is equivalent to assuming 
that the dragging effect of concentric layers brings about a radial 
distribution of rotational velocities which corresponds approxi- 
mately to the distribution which would result from a constant 
developed head at all radii. This situation is not the same as 
for the mixing streams of different axial velocities with the conse- 
quent Borda-Carnot shock loss and a rational method has not 
been found for estimating the loss resulting from the variation 
in developed head. 

The tangential component of velocity also varies between the 
blades. This effect has been treated extensively by Spannhake‘ 
and will not be discussed here except to state that the method 
of computing the tangential velocity gives a properly averaged 
value. 

(g) Limits of Applicability. As the rate of discharge is in- 
creased, negative lifts and heads appear first at the blade tips 
and develop inward. The method for computing the average 
head probably will not apply when the heads are partly negative 
but this limitation is of little practical importance. 

At low rates of discharge, the angle of attack of the blades is 
above the “burble-point” and computation of the head is limited 


6 ‘Airfoil Theory of Propeller Turbines and Propeller Pumps With 
Special References to the Effects of Blade Interference Upon the 
Lift and Cavitation,” by F. Numachi, The Technical Reports of 
the Tohoku Imperial University, vol. 8, no. 3, 1929, pp. 136-191. 

7“Uber die Winkeliibertreibung von Turbinenschaufeln,” by F. 
Weinig, Wasserkraft und Wasserwirtschaft, part 3, Feb. 2, 1934, pp. 
25-31. 
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by the available experimental data on the lift and drag coefficients 
of the blade sections used. In the extreme case of zero net 
discharge from the pump as a whole, the outer sections of each 
blade are developing positive head and delivering a positive dis- 
charge which equals in total amount the downward flow through 
the sections near the hub. In these extreme cases, radial flow 
is important and the methods of computation suggested here are 
believed to be inapplicable to them. 

(h) Friction and Shock Losses. Omitting frictional losses on 
the blade surfaces, which are represented by the drag coefficient, 
and the shock loss on entering the guide vanes, all other shock 
and surface-friction losses are represented by a single coefficient 
which is a characteristic of the water passages between the suction 
sump level and the point of discharge pressure measurement. 
Use of such a coefficient is basically correct but determination of 
its proper value for a given installation is difficult. Direct 
measurement of the friction loss with the impeller removed 
would give a value slightly too great because of the curvature 
of the guide vanes. 

The shock loss on entering the guide vanes has been assumed 
to be proportional to the square of the difference in the tangential 
components at discharge from the runner and after entrance to 
the guide vanes. A coefficient of unity for the entering loss 
alone is probably excessive but there is an additional loss in the 
recovery of tangential velocity as pressure within the guide vanes. 


ArFinity Laws 


The affinity laws are important aids in the design of centrifugal 
pumps and it is interesting to investigate their validity for the 
same pump at different speeds and for geometrically similar 
pumps of different sizes. Pfleiderer* gives data on the head- 
capacity characteristics of a 7.87-in. pump at five different 
speeds. The results have been corrected to a speed of 2000 
rpm and plotted in Fig. 7. The agreement is very good except 
for the highest speed at low capacities. The same figure shows 
the corresponding test data for the 20-in. pump. Apparently 
these pumps are not strictly geometrically similar. The affinity 
laws used in making the corrections are exactly the same as for 
radial- and mixed-flow pumps. 

One interesting feature of Fig. 7 is the comparison of the 
design point computed by Pfleiderer and the test data on a 20-in. 
geometrically similar pump. The discrepancy is believed to 
result from his excessive correction of the axial-flow component. 


CoNcLUSION 


In conclusion it should be pointed out that no theory can be 
considered satisfactory until it has been found to apply to 
a wide variety of conditions. Subsequent comparisons of 
theory and experiment may indicate that the theory should be 
modified to take into account certain secondary phenomena 
which have combined in such a way as to neutralize each other 
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in the pump used for comparison here. On the basis of these 
results, it appears that the modified method of Pfleiderer may 
be used to predict a port: n of the head-capacity curve in the 
region of the design point. 


/ ppendix 
NOMENCLATURE 


area, sq ft 

chord length of airfoil, ft 

lift coefficient of airfoil 

drag per unit of blade length, lb per ft 

acceleration of gravity, ft per sec per sec 

elevation head, ft 

head lost in friction in the propeller, ft 

head lost in shock at guide vanes, ft 

all other friction and shock losses, ft 

measured head developed by the pump, ft 

developed head of the impeller, ft 

coefficient of friction and shock losses 

lift per unit of blade length, lb per ft 

pressure, lb per sq in. 

capacity, cu ft per sec 

leakage, cu ft per sec 

radius, ft 

distance, ft 

blade separation measured along the are, ft 

torque, ft-lb 

net torque, ft-lb 

velocity of a point on the blade, ft per sec 

velocity of the fluid relative to the impeller, ft per sec 
geometric mean value of the relative velocities in front 
and in rear of the impeller, ft per sec 

absolute velocity of the fluid, ft per sec 

tangential component of absolute velocity of fluid, ft 
per sec 

V, = axial component of absolute velocity of fluid, ft per sec 
number of blades 
angle between the guide vanes at entrance and the 
pump axis, deg 

angle between v,, and the direction of blade motion, deg 
weight per unit volume of fluid, lb per cu ft 

JV cos (V, 8) ds = circulation, ft sq per sec 


= 
« 


a 


circulation about a single airfoil section, ft sq per sec 
D/L 
y/g = density, lb sec per ft* 
angular velocity, radians per sec 
Subscripts: 

0 — conditions before entrance into impeller 

3 — conditions after leaving impeller 

4 — conditions just after entrance into guide vanes. 
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Concerning the Degree of Accuracy of the 
Gibson Method of Measuring the 
Flow of Water 


By D. THOMA,? MUNCHEN, GERMANY 


The paper first discusses the limitations of various 
methods of measuring water which were in use when 
the Gibson method was first announced. These limita- 
tions of the current-meter method of flow measurement 
include: The effect of turbulent accessory motions which 
cause periodic velocity changes in the direction and magni- 
tude of flow; the difficulty in obtaining readings close 
to the wall of the canal or closed conduit; and the neces- 
sity of determining the velocity at several points simul- 
taneously due to temporary changes in distribution; and 
the expense involved in taking a number of such simul- 
taneous readings. Reference is also made to the use of 
the pitot tube for taking readings close to the wall of the 
passage. 

The greater part of the paper, devoted to a discussion 
of the Gibson method of water measurement, includes 
the derivation of formulas involved in this method of 
water measurement, its limits of accuracy, and the errors 
which may arise inits use. These errors, due to (@) acces- 
sory motions, (6) to false valuation of friction, (C) to 
friction of the mercury column, and (d) to inertia of the 
mercury column, are presented with derived formulas 
and approximate values together with suggestions for 
minimizing them. 


N ORDER to make the peculiarity of the Gibson method 
stand out clearly, a short criticism of other methods for 
measuring large quantities of water will first be given. 
When the velocities of water are measured at a sufficient num- 
ber of points in a cross-section to determine the flow per second 
through a canal or a closed conduit, the measurement will always 


1 Translated from ‘Mitteilungen des Hydraulischen Instituts der 
Technischen Hochschule Miinchen,”’ Bull. 1, 1926, pp. 59-74, by 
E. B. Strowger, assistant hydraulic engineer, The Niagara Falls 
Power Company, Mem. A.S.M.E., and P. Olsen, engineering assistant, 
The Niagara Falls Power Company. 

2 Professor of hydraulic engineering, Technische Hochschule, Miin- 
chen, Germany. Mem. A.S.M.E. Dr. Thoma was graduated from 
the Technical University at Munich, as a mechanical engineer, in 
1906. From 1906 to 1908 he was employed as designer by the firm 
of Briegleb, Hansen & Co., of Gotha, manufacturers of water tur- 
bines, governors, etc. For the following two years he was associated 
with Prof. A. Féppl as assistant in technical mechanics. During this 
time he remained in touch with Briegleb, Hansen & Co., Gotha, and in 
1910 became head of its governor department, remaining with the 
company for ten years. He became chief engineer of its turbine 
testing stations, as well as head of the governor department, in 1913. 
In 1915 he became superintendent of all work on designing water- 
power machinery and water-power plants. In 1920 Dr. Thoma was 
appointed professor of technical mechanics of the Technical Uni- 
versity of Munich. He resigned in 1921 to become professor of 
hydraulics, and director of the Hydraulic Institute of the Technica! 
University at Minchen. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting of Tae AMERICAN SocreTy OF MECHANICAL ENGI- 
NEERS, New York, N. Y., December 4 to 8, 1933. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


be affected by the turbulent accessory motions which cause 
periodic changes in the velocities both in magnitude and direc- 
tion. The problem in such measurements is to determine for a 
given interval of time the average value of the components of 
velocities vertical to the measuring cross-section. 

When measuring with Woltman’s current meter, the changes in 
magnitude of the water velocity are not serious because the revo- 
lutions of the meter are sufficiently proportional to the water 
velocity and, therefore, the average speed of the meter, which is 
obtained from the test, exactly corresponds to the average value 
of the water velocity. The changes in the direction caused by 
the accessory motions, however, are disturbing since the speed 
of the meter is affected by an additional side component of th : 
flow so that the meter in general no longer indicates exactly th. = 
component of the velocity in the shaft direction, upon which it i; 
exclusively dependent when the flow quantity is being deter - 
mined. Lately, some meters have been invented which are 
practically independent of these errors within a sufficiently wide 
angle. However, these meters (blades separately fixed on spokes) 
are subject to errors through the collection of water plants and 
other thread-like debris. We hope soon to have current meters 
which are independent of accessory motions of flow and which 
will repel the debris like a pointed screw. 

One more deficiency in the current-meter measurement is the 
impossibility of determining the water velocity close to the walls. 
To obviate this deficiency, special small meters, called wall 
meters, can be used near the edge of the measuring cross-section. 
These have been made by L. A. Ott* according to the author’s 
directions, and make it possible to determine the velocity of the 
water one inch from the walls. However, wall meters are still 
being developed and are not yet commonly available. By using 
wall meters, and by interpolation of the water velocity in accord- 
ance with the new experiments on the distribution of the ve- 
locities close to a wall, the limit of the errors is reduced to a 
fraction of previous values. 

Considerable difficulty arises with current measurements be- 
cause of the need for determining the water velocities at a num- 
ber of measuring points at the same time, this being necessary 
because the flow may temporarily undergo slow changes which 
eause errors, if the measurements are made at many points, one 
after the other. To repeat the measurements several times in 
order to decrease the errors takes a very long time and in most 
cases, therefore, is not done. To fill the requirements for simul- 
taneous measurements is very expensive. For instance, 27 
meters were used to determine the discharge of the water at the 
powerhouse at Aufkirchen on the Mitlere Isar. 

If, on the other hand, one uses the pitot tube to determine the 
water velocity, it is possible by a suitable shaping of the tube 
(Prandtl’s tube) to minimize the errors caused by fluctuations 
in the direction of flow. It is also possible to make dependable 
measurements at very short distances from the wall. Pitot 
tubes, however, give errors caused by fluctuations in the magni- 


3L. A. Ott, Mathematik Institut, Kempten, Germany. 
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tude of the water velocity. Because the velocity head is propor- 
tional to the square of the water velocity, meters do not indicate, 
with quickly changing velocities, the average water velocity but 
the square root of the average square of the velocities, which 
is always larger than the average velocity. Furthermore, instru- 
ments are not yet developed which register the necessary read- 
ings when measuring at many points. The pitot tube is, there- 
fore, in general not so applicable as the Woltman current meter 
for measurements where great accuracy is required. 

The accuracy of the total flow, obtained from measurements 
with current meters, may be assumed to be about 1 per cent 
when the test is carefully prepared and performed under favor- 
able conditions, and values accurately computed. The most 
favorable condition exists when the turbulence of the flow does 
not exceed the turbulence unavoidable even in a straight con- 
duit at velocities above the critical velocity. If the water flow, 
however, contains strong eddies which are produced, for instance, 
by bends or by contractions in an improperly made intake, larger 
errors are possible because even with current meters of suitable 
shape the disturbing influence of the side components will be too 
large. 

In many cases it is quite impossible to find or to arrange a cross- 
section in which the flow is steady. Also, the required number of 
meters and the necessary care to obtain the desired accuracy are 
often obstacles. However, as the weir, the traveling screen, 
and other methods for measuring large quantities of water are 
generally very expensive, one has either to be contented with the 
lesser accuracy of the current-meter measurement or give up the 
measurement altogether. 

For that reason, a sensation was caused about five years ago 
(the ‘“‘salt-velocity method”’ by Allen was not known at that time) 
when the American engineer, Norman R. Gibson, presented a 
new water-measuring method which promised to fill all desires 
and required only a comparatively simple apparatus. 


Tue Gipson Metuop oF FLow MEASUREMENT 


The Gibson method is applicable for measurements in closed 
conduits and is founded on the pressure rise which takes place in 
such conduits when the water flow is brought to rest. For ex- 
ample, in conducting a test, a steady continuous flow is main- 
tained after which the turbine gates are gradually closed, the 
increased pressure in the conduit being continuously registered 
by a pressure-time recorder, designed by Gibson. The difference 
between the initial water flow and the leakage flow, which goes 
through the gates when they are closed, is obtained from the 
pressure diagram. The dimensions of the conduit must, of 
course, be known. Since the small leakage water loss can be 
determined with great accuracy by a special test, it is, therefore, 
possible to determine the water flow per second at the open steady 
position of the gates. 

The rise in the pressure when closing the gates is a result of the 
retardation which is forced on the water column in the pipe. 
This depends fundamentally upon the magnitude of the momen- 
tum (the impulse) which this water column had at the start and 
at the end of the closing of the turbine gates. For a pipe with 
known dimensions, the sum of all momentum quantities of the 
water particles contained in the pipe, or, expressed in a shorter 
way, the magnitude of momentum contained in the pipe, is de- 
pendent only upon the flow of water per second through the pipe 
and absolutely independent of the accessory motions. A short 
calculation leads, therefore, to the presumption that the result 
from the pressure diagram must be absolutely independent of the 
accessory velocities, which for other methods might be very dis- 
turbing. The sensibility of the pressure-recording apparatus can 
be increased almost as one desires when requisite care is used in 
the design and construction of this single instrument. We 
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might hope that we could obtain the water quantity from this 
very exact pressure diagram without any errors in accordance 
with the exact physical nature of the method. Then it would be 
possible to make water measurements for water-power plants 
with the same general precision as for tank measurements. 

The purpose of this paper is to discuss these considerations in 
detail, to determine the limits of eventual errors, and to find out 
how to arrange for the measurement in order to minimize the 
errors. 

With the expression “errors” I will, of course, not censure or 
in any way try to diminish the splendid merits of the man 
who invented and developed this important method. Neither 
will I express any doubts about the high efficiencies on the tur- 
bines which Gibson has found by using his method in several 
large American water-power plants. The results which have 
been obtained in Germany, in both water-power plants and in 
laboratories, show that Gibson’s results are possible of attain- 
ment considering the immense size of the American turbines and 
the hydraulic demands for which careful consideration has been 
given in the design of all constructional parts in these power 
houses. 

When deducing the general formulas we will neglect the action 
of gravity and the differences in the pressure that are added to 
the static-pressure difference corresponding to differences in 
heights. The introduction of these pressures in general formulas 
would only lead to unnecessary complexities. We neglect, also, 
the elasticity of water and of the walls of the pipe. 

The water pipe which the water enters from a large reservoir 
may be supposed to be straight and of uniform cross-section. 
We use the following symbols: cy is the average velocity of the 
water for steady continuous flow in a cross-section of the pipe 


the quantity of water per second 
’ 


at the beginning of the test = - 
area of the pipe 


c is the average velocity (in a cross-section) of the flow during the 
test; and c; is the average velocity of the water after the test, 
ie., the average velocity of the water corresponding to the 
leakage. During the test, the pressure pc in the measuring cross- 
section C, and the pressure pa at point A sufficiently distant in 
the reservoir are registered. (In practical tests the pressure 
measurement at A is registered by recording the changes in the 
water level in the reservoir with a water-level gage.) 

To understand the fundamental laws for the method, we at 
first neglect the friction. The velocity of the water is then the 
same everywhere in the pipe. Accessory velocities do not arise. 

If B, Fig. 1, is a cross-section of the pipe close to the inlet where 
the water velocity is already uniform all over the section, the 
difference in pressure pa — pa is almost completely determined 
by the instantaneous value of the water velocity in the pipe. 
As the distance is very short in which the water velocity rises 
from zero (in the reservoir) to the value c, the acceleration for 
each water particle, caused by the change in position, is great 
compared with the change in the water velocity for a fixed 
point due to the decrease in the water quantity per second 
in the pipe. The pressure difference ps — ps may, therefore, 
be calculated without any noticeable errors as there should be 
a steady flow. Therefore, the following holds true 


pam 


2g 


The mass between the cross-sections B and C is e where f is 


the cross-sectional area of the pipe; 1 is the distance (B — (); 
and y is the weight of a unit volume of water. For the accelera- 
tion the force, f(ps — pc), is available. Using the fundamental 
dynamic law we get 


: 
OR 
7 
Mas 
4 
: 
: 
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yfl de 


S(ps— pe) = [2] 


If we cancel f in Equation [2] and add Equation [1] we get the 
expression 


de c? 
— 

P g dt 29 

We have now to take into consideration that the change in the 
water quantity on the way to the cross-section B also has some 


effect, and we do thnt by increasing the actual length J. If this 
corrected length is called L, we get 
¢ 
pA pe di 29 a ea 


This is a differential equation of the first order with respect to 
c, which it is possible to integrate graphically or analytically 
when we have to take the changes in pa — pc from the diagram 
obtained by the pressure recorder. One can, for instance, start- 
ing from the known water velocity c; corresponding to the leak- 
age, reconstruct backward the changes in the water velocity and 
from that find the water velocity co which was present at the start 
of the test. 

In another method given by Gibson, the change in c is assumed 
and afterward corrected. This proceeding converges very fast 
and is very suitable for graphic integration which, of course, in 
this case is still more to be recommended because the change in 
pa— pcis given graphically. 

The chain of reasoning used to derive Equation [3] and on 
which also Gibson’s deduction (1) is founded, is not quite unin- 
terrupted; when deducing Equation [1] it was assumed that the 
difference in pressure between the points A and B was as big as 
it should be at steady flow, but in reality there exists a non-sta- 
tionary flow. There may be some doubt whether it is admissible 
to use the fundamental dynamic law without any correction on 
“the mass (existing) between the cross-sections Band C.”’ The 
“mass”’ in that way defined does not contain the same individual 
parts at the end of the test as at the beginning. During the 
test, outgoing water, by passing the cross-section C, has left the 
“mass,” and new water, by passing the cross-section B, has en- 
tered into the ‘‘mass.” The dynamic fundamental equation 
refers, however, to a fixed system of mass always consisting of the 
same particles. 

To remove all doubts we shall start from the general equation 
for the pressure conditions at unsteady flow without friction and 
eddies. Referring to Fig. 2, the following symbols will be used: 
z is the distance from one general point on the pipe axis to point 
A, v is the water velocity on the axis and on the expanded axis 
from the pipe, p is the pressure, and ¢ the velocity potential, 
which is defined so that at every instant and in every place : = 
v. The point A is supposed to lie on the expanded axis from the 
pipe and so far from the inlet that at this point the square of the 
velocity is negligible (v4? = 0). The cross-section B is as close 
to the inlet as possible, but at such distance, that at every point 
of this section, the water velocity is equal to the pipe velocity c. 
The cross-section C is the measuring section. The values of », 
p, and ¢in A, B, and C will be designated by va, pa, $4, vB, ps, etc., 
respectively. 

The relation between v, p, and ¢ is given by the well-known 
general equation 


* Numbers in parentheses refer to similarly numbered references at 
the end of the report. 
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v? 

t 

9 +7 29 

in which y (t) is a function of the time alone (not of z) and de- 
pends on the way in which ¢ is chosen. To wit, ¢ being defined 


6 
by - = v, only 2 is prescribed for a given flow and any function 
x 


of the time may be added. Therefore, we are at liberty to stipu- 
late that during the whole test ¢4 = 0. In applying the general 
equation to the point A, we get 


va’ 
- => t 
Pa t+ ¥ (t) 


Considering that ¢4 = 0 = constant and therefore a = 0, and 


that va? = 0, we get from this Y(t) = pa. 
the general equation is transformed to 


By introducing this, 


56 v2 
g ot 


First of all we now have to determine ¢ for the cross-section B. 


56 
Considering that ¢4 = 0 and — v we get 
x 


B 
os = vdz 
A 


In order to make the integration we express the velocity at any 
point of the axis between A and B as a fraction of the present 
pipe velocity c by the equation» = ac. Then 


B 
a dz 
A 


The value of a for the point in the section B is 1. In order to 


compute ri adz, the values of @ for a sufficient number of other 
points between A and B must be found. This is easily effected 
by drawing the streamlines, either by estimating or by one of the 
several well-known graphical methods. The values of a will be 
found by considering that a varies inversely as the areas of the 
cross-sections of the fluid tube confined by the streamlines adja- 
cent to the axis. The integral dz can then be computed. It 
has a length the dimension of which we will designate by l’ and 
which may be considered as the reduced length of the inlet; 
which may be longer or shorter than the distance between the 
cross-section B and the reservoir wall, depending on the shape of 
the inlet. Therefore 


The velocity potential in the measuring cross-section C results 


Cc 
ton vdr=o+Ic 


and when considering Equation [5] we get 


in 


By differentiating with respect to time from Equations [5] 
and [6] ‘ 
de 


a — 
dt 


de 


t 
: 
5 
ere 
— 
st ar 
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If we now at last combine these values with Equation [4] we 
get® 


,, 
pA— pB 


The last equation is identical with Equation [3]. The con- 
siderations made at first, which theoretically were not quite in- 
disputable, have given a correct result. This also shows that the 
suggestion given in the literature (2) to substitute the last term in 


— 


2 
Equation [3] by the expression - — is entirely out of 


29 
order. 

We shall now study the method, considering friction. For 
the water-way from the reservoir to the section B, it is possible to 
use the considerations above for flow without friction, because 
the friction on the short distance to B, without doubt, may be 
neglected. In order to follow the conditions between B and C 
it is convenient to use the law of impulse and momentum. As 
we know, it is permittcd to deal with the momentum which is 
contained in any space, and also with the momentum which en- 
ters or goes out from this space, in the same way as if the momen- 
tum were a material substance, which is carried along with the 
water and is produced or consumed by outside forces. 

The momentum which is contained in the space between B 
and C is indicated by J. If iz is the momentum which the in- 
flowing water has supplied through the section B during any 


length of time, is the impulse current through the section B. 


In the same way the impulse current through section C is sig- 
di 

nified by a From the law of impulse and momentum, it fol- 
lows that the increase per second in momentum in the space be- 
tween B and C is equal to the momentum supplied per second 
through B with the outgoing momentum through C deducted 
and with all external forces acting in the direction of flow added, 
i.e., 


The next step is to determine J. Suppose dm is the mass of 
one small water particle, which has the length dz, the cross-section 
df, and the velocity v. The momentum for this small particle is 


dm v and, because dm =i ds df, it is also equal to gare. The 


momentum for all the water between the cross-sections on the 
distance dz from each other, therefore, is 


tac f oy 
g g 


5 The method chosen here for the demonstrations has the advan- 
tage that it is also applicable to bent pipes. At the same time it 
shows that the length in a bend is not to be measured along the pipe 
axis but along the line in which the water velocity has the average 

2 

speed. Thislinelies about a closer to the center of the bend than 
the pipe center line does (r = the radius of the pipe, R = the radius 
of the bend to the center line of the pipe) and is for that reason shorter. 
If one does not consider these things’ the length of the pipe will be 
used with too high a value and the water flow will be too little. 
The difference is, however, very small and it will cause (e.g., for the 
power plant at Queenston, where the pipe has two bends) an error in 
the water flow of only about —0.1 per cent. 
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Since J v df = cf it is possible also to write dJ = : of dz, from 


which the momentum of the water between B and C is 


which is dependent only on the average velocity and, therefore, 

also on the quantity of water per second. It is absolutely inde- 

pendent of the distribution and all accessory velocities. 
Differentiating with respect to time we get from Equation [10] 


It is also easy to express the impulse current through the cross- 
section B, because the friction has not yet been acting and the 
velocity is the same at all points. The inflowing mass per second 


is * cf and therefore the impulse current is 


The impulse current through the cross-section C should, of 
course, be just as big if the distribution were uniform both in 
place and time. However, the flow is not uniform at that point 
on account of the friction. We can divide the instantaneous 
velocity v at any point in the cross-section into one component v», 
which is the average value for the place in question and one com- 
ponent of oscillating velocity v’. This division is shown in Fig. 
3, where the full line refers to the instantaneous value of the ve- 
locities and the broken line to the average value with respect to 
time. Accordingly, if we write 


the value of momentum, which during the time dé is discharged 
through the element df in section C (mass per second times ve- 
locity) is equal to 


(om + 0’)? df 
9 


Further, if At is a short time interval which is large compared 
with the period for the fluctuations in v’, but still short compared 
with the time during which the turbine gates are closing, we will 
obtain the value of momentum which during the time At is dis- 
charged through the cross-section element df as 


(vm + v’)? df 
g 


(44) 


ry f fora 
g g g 
( (At) 


At) 


or as 


Because v is constant in the element of the cross-section con- 
sidered, the first integral is equal to vm? At. The second integral 
is zero, because vm is constant and v’ is the variation in the actual 
instantaneous velocity from the average value with respect to 
time so that fv'dt = 0. The outgoing impulse during the time 
At through an element in the section is, therefore 


f oma 


Taking the sum for the whole cross-section, the outgoing im- 
pulse during the time ¢ is 


: 

and 9 

pa — pc = - 

g 

dt 9 

= 
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tar fay f ora 
(At) 


The second term on the right side we may consider as the prod- 
uct of fAt and one average value of the square of the variable 
velocity v’ for the whole section, the average taken with respect 
both to time and place. If we use the symbol »;? for this average 
value, Equation [14] takes the form 


(f) 


As the distinction between At and dt was necessary only for the 
definition of the average value v;?, it is now possible again to 
write dt instead of At and dic instead of Aic. Equation [15] 
then takes the form 


For further simplification we presume 


where v” is then the deviation of the average velocity with re- 
spect to time in the considered element of the cross-section from 
the average velocity in the whole cross-section. By substituting 
Um? = c? + 2cv” + v”? in Equation [16] we get 


g g 


(/) 
As c¢ is constant, the first integral is simplified to c?f. The 
second integral is equal to zero because v” is the variation from 
the average value c and, therefore, f v” df is zero. Finally, if 


(f) 
we now use 2:2 instead of the average value of the square of v”, 
i.e., df = Equation [18] takes the form 
(f) 

dic ¥ Y 

Substituting Equations [11], [12], and [19] in Equation [9] the 


d 
first term of me is eliminated by - and 


B 
— 
— 
4 
259 
= 
be: 
re 
tc 
(f m? df 
47 
eee 
[16] 
+ 
Set 
: 
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de 
g dt g g 


The forces acting on the water volume consist of (a), the force 
corresponding to the pressure difference between B and C, and 
(b), the force R caused by the friction on the pipe wall acting on 
the water opposite to the direction of flow. By substituting 
=P = f(psp— pc) — R, the equation above takes the form 


d 
+f (pp— pe) —R.... [20] 
g dt g g 


In order to make it possible to express pp — pc by the observed 
pressure difference pa — pc we have to eliminate pa — pz in 
Equation [7]. Though when deducing Equation [7] we had 
assumed no friction acting, it is possible to use the equation for 
actual flow, as it is shown before, because the friction on the 
way from A to B hardly ever comes to action. 

If we substitute 


pB— pe = pa — pe pA — PB pa — pe g dt 129 


in Equation [20] and again set 1 + l’ = L, then it follows that 
dc c? 
7 jL = fipa — pe) — vf — fon? + — [21] 
g dt 24 


In this expression R, besides v1? and »;%, is not yet known. The 
simplest assumption which one can make for the action of the 
friction during the closing of the gates is that it is of the same 
magnitude as it should be at a continuous flow with the same 
quantity of water persecond. This premise is also a fundamental 
point in Gibson’s deduction. Because it is possible in this case 
to assume, with very sufficient accuracy, that the magnitude of 
the friction at constant flow is proportional to the square of the 
average water velocity, we therefore get 


where Ry is the value at constant flow before the test. Ry we 


can determine, considering Equation [21 ] (< = 0) for the steady 


continuous conditions before the test, to be 
Co” 
Ro = f(pso — Peo) — vf 2g g + 0197)... . [23] 


If we substitute the value of R, which is obtained from Equa- 
tions [22] and [23] in Equation [21] and arrange im order, we get 
after a few calculations 


de 2 
— pa) + = + v1?) + peo) 
g 


g 


The second term within the brackets indicates, for every in- 
stant of time, the influence of the accessory motions (existing at 


that instant). The last term, - (vito? + v192), takes care of the 


fact that the friction force, which at continuous steady flow is 
transmitted from the walls of the pipe to the water, would be 
judged too high, if the accessory motions were neglected. 

If we neglect the accessory velocities, Equation [24] takes the 
form 


The valuation used by Gibson corresponds to this equation. 

We could also get this equation if we supposed that vn? and 
v1? during the test decrease proportionally with c?. The two last 
terms in Equation [24] should then balance each other. This 
assumption, however, would not be correct. We notice this very 
readily if we consider the case when the quantity of water per 
second is decreased rapidly from the value at the start to zero. 
All water particles are then for the same short time under the 
action of the same strong pressure gradient so that the velocity 
of each particle is subjected to a change by the same amount but 
not in the same proportion (Fig. 4). The values of v1 and v have 
then not changed during the sudden decrease in the water quan- 
tity to zero. If the closing time is longer, the action of the wall 
friction, which tries to keep hold of the back-flowing water, be- 
comes active up to a marked distance from the wall so that the 
distribution of the water indicated in Fig. 5 exists after the clo- 
sure. In any case the valuation v1? + m1? = vio? + vie? will come 
closer to the truth than the presumption given above. If we 
apply Equation [24] on a complete closure considering the 


time, we get with r- = Oandc = 0 


pe— pa =— + v1) 


In the measuring cross-section, therefore, a pressure below the 
normal will exist until the accessory motions have died out. 
(This does not appear in the diagrams published by Gibson on 
account of the strong natural period of oscillation in the mercury 
column.) One understands this action if one considers that the 
water in the pipe in spite of the decrease of the water-flow to 
zero has not come to rest. The core of the water column flows 
forward while an edge current runs backward. Although it is 
true that the impulse contained has become zero and remains at 
zero, that is not the case with the impulse current through the 
section; the measuring cross-section C sends water upward and 
receives returning water. Because the impulse contained in the 
pipe above the cross-section does not change any more, it is neces- 
sary that this impulse current be counter-balanced by a pressure 
below the normal in the measuring section. 

Of course, these circumstances assist during the closure in 
keeping the pressure in the measuring section from increasing as 
much as it would without accessory motions. The blockade of 
the pressure takes place near the inlet, where the back-flowing 
water again turns; the back-flowing water at the walls cannot 
press itself into the reservoir with higher pressures. Therefore, 
it turns and forces a reduction in the cross-section of the fresh 
water entering from the reservoir with a corresponding increase 
in the velocity which affects the additional pressure drop. Fig. 6 
indicates this action but it gives, of cuurse, only an imperfect 
picture because it refers in reality to non-stationary conditions, 
which cannot be represented completely by drawing current lines, 
and also because our present means of description of hydraulic 
actions are not well suited to show the non-stationary conditions. 

Also, there is at the lower end of the pipe, an alternation in the 
direction of flow. If we could measure the average pressure 
immediately in front of a slide, which shuts off the pipe, Fig. 7, 
the pressure would not be below normal. 

Therefore, the hope that the Gibson method of water measure- 
ment (contrary to the methods mentioned above) is independent 
of accessory motions, is unfortunately unfulfilled. It, therefore, 
remains for us to determine the order of magnitude of the possible 
errors. 


4 
+ 
fu? + 
Ss 
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Because no information is published about the magnitude of 
v2, one has to resort to an indirect estimation. It is known that 
in turbulent flow, measurements of the velocity with the pitot 
tube give, according to the foregoing reasons, a water velocity 
about 1 to 2 per cent too large. A simple calculation shows that 


the relative error in the velocity measurement is 307? where Um 
v 


is the average velocity at the point of measuring and »,? is the 
average value of the square of the variable additional velocity 
varying with respect to time. Within the possible limits for the 
degree of accuracy required, it is permitted to use the average 
values in the measuring section (vy; and c) instead of v; and vm. 
To avoid too large errors, we obtain for the beginning of a test 
run 


= (0.02 Co? 


if we cautiously state that the pitot-tube measurements give an 
error of 1 per cent. 

Two methods can be used for the valuation of v;,2. On one 
hand, the known formulas for the water distribution in long, 
straight, smooth pipes, can be used, from which tio? = 0.02 ¢?. 
The conditions are then, however, judged too favorably because 
the turbine conduits hardly ever are as straight and smooth as 
the pipes with which the formulas for the water distribution were 
obtained in the laboratory and also because in most cases the 
flow is affected by dissymmetries, which are caused by an un- 
symmetrical inlet, and result in an increase in vj19?. For these 
reasons it is perhaps better to base our calculations on the known 
value a, which gives the proportion between the actual velocity 
energy flowing through a cross-section and the energy correspond- 
ing to the average water velocity. From present information, « 
ranges between 1.085 and 1.15. The impulse transported, on 
account of the irregularity in the distribution in the water ve- 
locity, is affected in the proportion of about 3 to 1 less than the 
energy transported. One can, therefore, presume vy? = 0.028 
to 0.05 c,? or, as an average, about vio? = 0.04 ¢?. Therefore 


+ = 0.06 co? 


for the beginning of the experiment. 
If we choose the afore-mentioned valuation 


+ m1? = + 


and further suppose that c, during the observed time, decreases 
uniformly from ¢. to the end value zero, then in Equation [24], 
the expression 


(un? + oy?) — — + 
Co" g 


(which may be considered as the term for the average error for the 
2 
whole observed time) is equal to 3 * 0.06 Co”. 
39 
The circumstance that vm? + v2 does not stay quite invariable 


but instead lies between vi192 + vro? and Pr (vito? + 192) we take 
0 


; 
into account by decreasing the factor 3 to 3 By that we get 
the average value of the error as 


Co? 


0.02 = 0.047 
g 29 


From the pressure diagram published by Gibson, it is not pos- 
2 
sible to get re because from the diagrams the resulting value of 
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— is composed of the velocity head and the friction-loss 

head. In one numerical example given by Gibson, which refers 
to a pressure diagram not reproduced here, there is a note from 


which it appears that two thirds of BO a. belongs to the ve- 


locity head and one-third to the friction-loss head. If we sup- 
pose that this proportion exists also for Gibson’s pressure dia- 
gram (3) reproduced in Fig. 8, it follows that the error in the re- 
sult for this pressure diagram, caused by the term for the error, 
is —1.5 per cent, while the error for the diagram in the numerical 
example is —0.9 per cent. The true water quantities should for 
that reason have been about 1.5 per cent and 0.9 per cent greater, 
respectively, than given by Gibson. 

However, Gibson reports errors averaging +0.1 per cent from 
tests made on his method in the hydraulic laboratory at Cornell 
University. During the tests, the actual quantity of water was 
determined by the only indisputable method, measuring by means 
of a calibrated tank. 

Therefore, there must be other sources of errors, which act in 
the opposite direction. In reality, the assumption made when 
deducing Equation [24], that the friction during the closing is 
just as great as at continuous steady flow with the same amount 
of water, Equation [22], is not quite true. If, for instance, the 
condition after complete stoppage of the water flow is considered, 
the friction according to this supposition should be zero. In 
reality, however, a downward directed friction force is carried 
over on the water from the pipe wall which touches the back- 
flowing edge current. This condition is also active during the 
flow, and decreases the value of friction below the amount which 
should be present for equal quantities of water at steady flow. 

If the errors which are made by this valuation of the friction 


1 1 
are estimated to be between 20 and 0 of the friction at continuous 


flow at the beginning of the measurement, the result obtained 
from the pressure diagram, Fig. 8, would then be affected with an 
error from +0.9 to +1.8 per cent for this reason, and the pres- 
sure diagram in the numerical example with an error from +0.6 
to +1.1 per cent. 

It must be taken into consideration that the statements for the 
errors are founded on very rough estimates. Thus it is possible 
as a final outcome to say only that, when calculating the results 
from the diagrams given by Gibson, two opposite acting errors 
arise, of which the first has an order of magnitude of —1 per 
cent, and the second +1 per cent. 

One more objection, which, however, does not refer to Gibson’s 
method, itself, but to the calculation of the results from the 
measurements, is connected with the apparatus used by Gibson 
for recording the pressure diagram. This objection, therefore, 
has to be taken into closer consideration. The main parts of the 
pressure-recording apparatus are shown in Fig. 9. The glass 
tube 2 is connected through the water-filled tube 1 to the con- 
duit at the measuring cross-section C; the lower end of the glass 
tube is connected by a U-tube to the smaller riser pipe 3. The 
riser pipe and the glass tube are filled with mercury as illustrated 
in the figure. The pressure fluctuations in the measuring 
section cause oscillations in the mercury column which are re- 
corded photographically by illuminating the glass tube from the 
right. The lens 4 casts through the narrow vertical slot 5-5, an 
image of the mercury column on the photographic film 6 which 
is moved in a horizontal direction by a clock-work mechanism. 
A cord pendulum, not shown in the figure, covers the slot for a 
short time during each second and in that way marks the seconds 
on the film. 

This arrangement has considerable experimental advantages 


J 
3 
# 
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because, on one hand, only friction from fluid exists and because, 
on the other hand, the instrument can be calibrated easily before 
each test. Calibration is accomplished by adjusting different 
pressures in the tube, 1, by means of the valve 7, the pressures 
being measured by determining the difference in height between 
the levels of the mercury columns, which are photographically 
recorded. The pictures of two fine wires, 8 and 9, which are 
stretched across the glass tube, serve as marks for the measure- 
ments and consequently one is independent of accidental dis- 
placements of the film in a vertical direction. 

Although this arrangement has great experimental advantages 
it also has the disadvantage of having a long natural period of 
oscillation. Consequently, the instrument does not show the 
instantaneous value of the pressure in the measuring section. 
It also oscillates a long time after the turbine gates are completely 
closed. To separate the influence of the oscillations which occur 
after closure, Gibson first determines the point at which the re- 
corded pressure line runs into the line for the damped oscillations 
which remain after entirely closing the gates. The point k in 
Fig. 8, indicates the time when the gates reached the closed po- 
sition. Gibson now considers, as the end of the authoritative 
pressure diagram for the calculations, the time at which the line 
for the damped oscillations first reaches a maximum or minimum; 
the position of this maximum or minimum is thereby exactly de- 
termined by a small additional calculation. One might now ask 
if this determination of the end position of the diagram causes 
errors. Of the terms standing on the right side in the equation 


for < Equation [24], the first one predominates. For that rea- 


son, it is of great importance to take correctly from the diagram 
the time integral of the pressure difference or the time integral of 
the pressure in the measuring section, because the pressure in the 
inlet changes very little and furthermore is recorded by an inde- 
pendent apparatus. If the motion of the mercury column should 
take place without friction, the stipulations selected by Gibson 
for the limits of the diagram should correspond to the real facts; 
the impulse in the mercury column is zero at the end as well as 
at the start of the observation, because at both times it is at rest 
and, therefore, the content of the diagram surface corresponds to 
the time integral of the pressure in the measuring section. When, 
however, in reality the fluid friction of the motion of the mercury 
column has to be overcome, there is also impulse absorbed by the 
friction force during the observation. When, as in this case, it is 
permitted to consider the friction proportional to the velocity of 
the mercury column, it is easily shown that the total impulse ab- 
sorbed by the friction is dependent only on the difference in the 
pressure at the beginning and at the end of the observation. 

In order to prove this specifically, we simply indicate with 
p the pressure in the measuring section and with p’, the pressure 
recorded by the apparatus. The error in the result, which is ob- 
tained if one takes into consideration only the predominating 
first term in Equation [24], is 


(Sp dt — fp’ dt) 


It is possible to write the equation for the motion of the mercury 
column in the following form 
d*p’ 


dp’ 
k -— ‘= 
+ + p 


where a is a coefficient depending on the mass of the mercury 
column, its cross-section, etc., and k is a friction coefficient which 
we might consider constant at deflections which are not too large. 
By integrating Equation [25] once for the time between the be- 
ginning (index 0) and the end (index 1) of the observation: 
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a at + k (pi’ — po’) + q Pp = pdt 


In this expression the first term is zero because the mercury 
column is at rest at the beginning and at the end of the observa- 
tion. The third term on the left side is the time integral for the 
pressure diagram which, therefore, is too small by the amount 
k(pi’ — po’). It is possible to calculate the heretofore unknown 
constant k from two quantities which we can take from the dia- 
grams, namely the time 7 for the natural period of the apparatus 
and the proportion y, in which each deflection of the damped 
oscillation stands to the following deflection on the same side. 
If one indicates the (almost) constant pressure, which appears 
after complete closing of the gates by p2, the general solution of 
Equation [25] results in 


and, after some calculations the expression 


loge 
2 
on? 


The second term in the denominator one can neglect for the 
values of ¥ here occurring. The time integral of the pressure 
difference according to this is too small by an amount of 


Pt’ — Bo’) 

pi’ — po’ we can read from the diagrams, but no unit for mea- 
suring is given. One can, nevertheless, give the proportional error 
in the quantity of water. 

From the first diagram (Fig. 8) ¥ = 1.54, T = 3.8 sec, and the 
error in the water quantity = —0.83 per cent. 

For the second diagram (numerical example, Gibson’s Fig. 10) 
¥ = 1.57, T = 4.0 sec, and the error in the water quantity = 
—0.62 per cent. 

The true quantity of water has in both cases been greater than 
it was calculated to be according to these values. In both dia- 
grams the first extreme value of the recorded pressure which ap- 
pears after the complete closing of the gates is a maximum. If 
the first recorded extreme value should have been a minimum the 
error should have been positive and, concerning the amount, much 
smaller. From Gibson’s publications in which the calculations 
of the test on the method at Cornell University appear, it is not 
possible to see in which direction the error has been acting. 

in the deductions above it was presumed that only the time in- 
tegral of the recorded pressure was of any importance, correspond- 
ing to the excluding of the three last terms in Equation [24]. 
Of these, the two last ones are very small correction terms, but 

2 
the term ie (p49 — Peo) is worthy of consideration. 

It is now easy to understand that an error is added by the in- 
ertia of the mercury column which tends to increase apparently 
the quantity of water; at the beginning of the observation the 
recorded pressure stays below the real pressure and this causes the 
water velocity at the beginning and, therefore, also the above- 
mentioned term to be judged too great. It is not possible to 
determine the value of this latter error as exactly as the errors 
covered before. To get some idea of the valuation, the condition 
for the recording apparatus was calculated, presuming the simple 


case that “ is constant during the observation. By this it was 
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BY 
_ 
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shown that the relative error in the quantity of water calculated 
according to Gibson’s direction, is 


= * — 
2x? Pm 
where 7’ is the time for the natural period of the apparatus, 7’, is 
the time for closing the gates and p» is the average value of 


pe— pa + (Ppao— Pov) 
Co 


during the observation. Of course, the retardation of the water 
velocity during the observation is in reality not uniform, but 
nevertheless it is possible to use the above formula to determine 
the magnitude of the errors. 

By the formula, it follows, for the first diagram Fig. 8, that the 
error in the water quantity = +0.3 per cent. For the second 
diagram (numerical example, Gibson’s Fig. 10) the error in 
water quantity = +0.09 per cent. These are, therefore, unim- 
portant and disappear compared with the other errors. 

To sum up, it can be said the four sources of errors have been 
ascertained to be: 

Order of 


magnitude, 
per cent 


1 Error due to accessory motions............. . —l 

2 Error through false valuation of friction........ +1 

3 Error through friction of the mercury column.. —0.5 to —1 

4 Error through inertia of the mercury column... +0.1 to +0.3 


Besides these sources of error (as in every method) there are 
still others such as those caused by lack of precision of instru- 
ments, errors in measurement of the pipe line, inaccuracies in 
evaluation, etc. These errors, however, may with sufficient 
care be reduced to insignificant magnitude and need not be sepa- 
rately treated here since they affect every water measurement in 
a similar manner. 

Of the above four errors it is possible to eliminate the third one 
in the calculations of the result. The fourth is so insignificant 
that a rough valuation is sufficient. The errors Nos. 1 and 2 
are determinative in fixing the accuracy of the measurement. 
But these errors, also, are small so that one might well say in 
drawing a conclusion regarding the Gibson measurement in its 
existing form, that the accuracy under favorable circumstances 
is approximateiy equal to the aforementioned current-meter 
measurements taken with great care under favorable circum- 
stances. 

For the review of the specified magnitude of errors it should be 
noted that they are drawn only from the diagrams published 
by Gibson and furthermore that in the evaluation of error No. 1 
it has been assumed that the stream is as smooth as can be prac- 
tically attained in a straight pipe. In case, however, the mea- 
surement section lies behind a bend as occasionally appears to 
have been the case (e.g., at the Queenston Plant, denoted by Gib- 
son as a typical plant) greater amounts of error No. 1 have to 
be reckoned with. When, for example, one-tenth of the measured 
cross-section is taken up by the dead water area adjoining a bend, 


1 
vy? increases 9’ i.e., from about 0.04 to 0.15. A measurement sec- 


tion with smooth current is desired for the Gibson water measure- 
ment method even as for the current-meter measurement. For 
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the test at Cornell University, the measuring section lay in a 
long straight stretch; the conditions in this respect were also 
particularly favorable. 

On the other hand it must not be forgotten that the Gibson 
method looks back on only a brief period of development and that 
improvements are possible which must be founded on experi- 
ments. Through tests in a single experimental laboratory cer- 
tainly no judgment can be attained of the expected accuracy 
under other conditions, because it remains indeterminate in 
what way the opposing errors have neutralized one another. 
One should seek to separate the individual errors. This can be 
done in various ways. If, for example, under otherwise perma- 
nent conditions, the length L be increased, error No. 1 is in- 
creased to a lesser degree than error No. 2 (the magnitude of the 
accessory motions will not increase after L has exceeded a definite 
value depending upon the pipe diameter). On the other hand, 
one may isolate error No. 2 if the pressure difference between 
two points on the pipe is used instead of the pressure difference 
between the measured section and the reservoir. (This method of 
water measurement has already been applied by Mr. Gibson.) 
If we have for the first measuring section a sufficiently long 
straight “runway” and, back of the second measuring section, a 
sufficiently long outlet stretch (because of the back current) then 
the accessory motions are of the same magnitude in both sections 
and their influence on the pressure disappears. In present plants 
these conditions can only seldom be attained. We can, however, 
attain them in a special experimental installation. Also the 
influence of a bend in front of the measuring cross-section, the 
disturbance due to too close proximity to the outlet, and other 
conditions can only be determined in an experimental installa- 
tion. In contrast to the present conditions where only a rough 
valuation of the magnitude of the errors is possible, one will then 
be able to give the corrections which must be applied to cancel 
the error in the final results. Since the errors are not large in 
themselves, no very great relative accuracy in such corrections is 
necessary. 

One must not be startled by the considerable work which will 
be necessary for the attainment of this perfection. Even for 
such simple measuring apparatus as, for example, the scale, or 
the compass being affected by the ship’s movements, it was 
necessary to do an exceedingly great amount of work in the 
theoretical and also in the practical field in order to attain pres- 
ent-day perfection. One must not expect that it will be different 
with the new water-measuring method. Furthermore, sufficient 
incentive for work is not lacking here. The Gibson method has 
in many cases great practical advantages over other methods; 
it also makes possible a measurement under conditions where the 
other methods could not be applied. Therefore, we should strive 
for a further step in accuracy since the most exact measurements 
are of the highest importance to the technical advancement of 
water-turbine construction as a supplement to, and check of, ex- 
periments in experimental laboratories. 
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Experimental and Practical Experience 
With the Gibson Method of 


Water Measurement 


A Discussion of Prof. D. Thoma’s Paper on “The Degree of Accuracy of the Gibson Method 
of Water Measurement (1) 


By N. R. GIBSON! ano E. B. STROWGER?, NIAGARA FALLS, N. Y. 


The Gibson method is based on the equation of impulse 
and momentum applied to an enclosed column of water 
in motion. It is applicable in testing hydraulic power 
plants where the turbine is supplied with water through 
a closed conduit and means, such as turbine gates, are 
available for interrupting the flow of the water. To apply 
the method, it is necessary to obtain pressure-time dia- 
grams, which show the changes with respect to time 
that occur in the conduit during and after the closure 
of the turbine gates. There are two kinds of diagrams: 
(2) simple diagrams, in which the changes of pressure 
at one point in the conduit are recorded, and (0) differ- 
ential diagrams, in which the difference between the 
changes of pressure at two points in the conduit are 
recorded. 

Professor Thoma (1)* has discussed quite thoroughly, in 
an accompanying paper (Trans. A.S.M.E., 1935, HYD-57-4), 
the conditions of water flow which may affect the degree 
of accuracy of the Gibson method of water measurement, 


HE Gibson method is based on the equation of impulse 
and momentum applied to an enclosed column of water in 
motion. It is applicable in testing hydraulic power plants 
where the turbine is supplied with water through a closed conduit 


1 Vice-President and Chief Engineer, The Niagara Falls Power 
Company, Niagara Falls, N. Y. Mem. A.S.M.E. Mr. Gibson 
was graduated from the University of Toronto with the degree of 
B.A.Se. in 1904. His professional career includes engagements with 
the Ontario Power Company of Niagara Falls, the firm of Smith, 
Kerry & Chace, Consulting Engineers, and The Niagara Falls Power 
Company. He became vice-president and chief engineer of the 
latter company in 1926. After the merger of this company with 
others, he was appointed vice-president and chief engineer of the 
Buffalo, Niagara, and Eastern Power Corporation in 1929 and 
vice-president of Niagara Hudson Power Corporation in 1931. In 
1930, Mr. Gibson was awarded the Elliott Cresson Gold Medal by 
the Franklin Institute, Philadelphia, for his invention of the Gibson 
Method and Apparatus for measuring the flow of fluids in closed 
conduits. In 1931, he received an honorary degree, D.Eng., from 
the University of Toronto. 

? Hydraulic Engineer, The Niagara Falls Power Company, Niagara 
Falls, N. Y. Mem. A.S.M.E. Mr. Strowger was graduated from 
the University of Rochester in 1918 with the degree of B.S. in Me- 
chanical engineering. He was employed from 1918 to 1919 by the 
Interlake Engineering Company of Cleveland, Ohio, and in 1919 
became connected with the Niagara Falls Power as draftsman and 
designer. In 1928, he became assistant hydraulic engineer of The 
Niagara Falls Power Company and in 1929 became associated with 
the engineering staff of the Buffalo, Niagara, and Eastern Power 
Corporation. 

*’ Numbers in parentheses refer to similarly numbered references 
at the end of this paper. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting of THe American Soctety oF MECHANICAL ENGI- 
NEERS, December 4 to 8, 1933, New York, N. Y. 


when using the simple application method. In general, 
he has considered four errors due to (No. 1) accessory 
motions, or extra currents due to turbulence, (No. 2) 
false valuation of the friction in the conduit during clo- 
sure, (No. 3) friction of the mercury column, and (No. 4) 
the inertia of the mercury column. 

In discussing the Thoma article, the authors have first 
given a somewhat more detailed proof of the fundamental 
equation applying to the method and have supplemented 
the derivation with a graphical representation of the terms 
of the equation on the diagram itself. Test results on 
a long pipe are shown where both kinds of diagrams were 
taken and where the agreement between the two sets of 
diagrams is within 0.2 per cent. The test results are 
discussed and a detailed study is made of the effects of 
the four errors. 

The authors conclude that the residual error is probably 
within the limits of precision possible when large quanti- 
ties of water are being measured. 


and means, such as turbine gates, are available for interrupting 
the flow of the water. To apply the method, it is necessary to 
obtain pressure-time diagrams, which show the changes of pres- 
sure with respect to time that occur in the conduit during and 
after the closure of the turbine gates. There are two kinds of 
diagrams: 


Simple diagrams—in which the changes of pressure at one 
point in the conduit are recorded 

Differential diagrams—in which the difference between the 
changes of pressure at two points in the conduit are 
recorded. 


Pror. THoma’s Conclusions 


Prof. Thoma has discussed quite thoroughly the conditions of 
water flow which may affect the degree of accuracy of the Gibson 
method of water measurement when using the “simple” ap- 
plication of the method. In general, he has considered and 
enumerated four errors due to (No. 1) accessory motions or ex- 
tra currents due to turbulence, (No. 2) false valuation of friction 
in the conduit during the closure, (No. 3) friction of the mercury 
column, and (No. 4) the inertia of the mercury column. The 
first two are regarded as about 1 per cent in magnitude and are 
negative and positive, respectively. The last two are of opposite 
sign also, but are of the order of 0.5 of 1 per cent. Under favor- 
able conditions, Prof. Thoma regards the accuracy of current- 


Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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meter measurements as about 1 per cent, so that he concludes as 
follows: 

Of the above four errors, it is possible to eliminate the third one in 
the calculations of the result. The fourth is so insignificant that a 
rough valuation is sufficient. Errors Nos. 1 and 2 are determinative 
in fixing the accuracy of the measurement. But these errors also are 
small so that one might truly say in forming a conclusion regarding 
the Gibson measurement in its existing form that the accuracy under 
favorable circumstances is approximately equal to the aforementioned 
current-meter measurements taken with great care under favorable 
circumstances. 


FricTion NEGLECTED 


In the following discussion the equations given, when identical 
with those of Prof. Thoma, will have the same number assigned 
to them as those in the Thoma article. First neglecting friction, 
the velocity of the water in the pipe is uniform and no accessory 
motions arise. 

Considering Fig. 1, if A is a point sufficiently distant in the 
reservoir, then it can be readily shown that the supernormal 
pressure existing at any point C in the conduit caused by a re- 
tardation forced on the water column is given by 


[3] 


where c is the velocity in the conduit, y the weight of a unit 
volume of water, and L is the “‘equivalent length’ of the water 
conduit. If B is a point near the inlet where the pipe section is 
typical and if we draw the stream line going through A and desig- 
nate by u the velocity at any point of the stream line, then the 
equivalent length to point B is l’ and may be found from 


where dz is a small length. 

Prof. Thoma points out that Equation [3] is the fundamental 
equation for pressure at section C neglecting friction and acces- 
sory motions. He then shows that this is the pressure recorded 
by the Gibson apparatus if no friction or accessory motions exist 
and concludes therefrom that with no accessory motions and with 
no friction the Gibson method is rigidly correct. The inertia of 
the mercury and the friction of the mercury in the U-tube in the 
Gibson apparatus will be considered later on and it will be shown 
that they have only a small influence upon the measurement. 
The following is a demonstration of Prof. Thoma’s rigorous proof 
of the Gibson method. Let us designate A as a point on the 
extended axis of the pipe as shown in Fig. 2, ¢ as a measure of 


velocity potential expressed as = vor¢ = J p,as before, 


the pressure at any point, and dt any small interval of time during 
the closure, then 


56 v? 
Pa—P (4) 


The velocity potential at B may be written 
and that at C is 


Cc 


Then 


and 


dt 
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Substituting in [4], we get 


and 
y , de c? 
Pa — Pc +7 29 [8] 


This equation is identical with Equation [3], whence the fore- 
going conclusion. 


GRAPHICAL EXPLANATION OF EQuaTIons [3] AND [4] 


Fig. 3 shows graphically the equality expressed in Equations 
[3] and [4] neglecting accessory motions and friction and using a 
diagram made by a gage having zero inertia and zero friction. 


Accessory COMPONENTS OF VELOCITY AND FRICTION 
CONSIDERED 


Now considering friction and the accompanying accessory 
components of velocity or ‘accessory motions,’ Prof. Thoma 
shows that the Gibson method, as applied by the use of the simple 
diagram, is not entirely independent of these motions. We may 
designate the value of momentum contained in the space be- 
tween B and C as J, and we may define 7, as the value of momen- 
tum supplied from t = 0 to? = ¢ through section B by the inflow- 
ing water, and i¢ similarly as the value of momentum which has 
gone out through section C fromt = Otot = ¢. If wecoina new 
term for the first derivative of ig with respect to time and call 
this derivative the “impulse current” through section B, then 
the impulse current is the momentum gained or lost per second 
and has, therefore, the dimension of a force. The increase per 
second in the value of momentum contained in the space between 
B and C is equal to the value of momentum supplied per second 
through B with the value of momentum through C deducted and 
with all external forces acting in the direction of flow added. 
This is expressed as follows 

dJ diz, dig 
dt dt dt 

To determine J, we must integrate the expression for the 


momentum of a small particle of mass. This may be expressed 
as 


dmV = 


Then 


where f is the cross-sectional area of the conduit. The momen- 
tum contained between B and C depends only upon the quantity 
of water flowing per second and is independent of the distribution 
and side components of flow. By taking the first derivative of 


he, 
er 
bs 
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dJ = =-dz Vadf 
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u 
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‘ 
aJ = ef dz 
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Equation [10], we get an expression for the left-hand side of 
Equation [9] 
de 


a 
dt dt 


g 
The impulse current through section B is = which equals 


the product of mass per second by velocity because in this section 
all particles have the same velocity c 


di 
To get an expression for s in Equation [9], consider Fig. 4. 


The flow is not uniform with respect to both time and cross-section. 
The instantaneous velocity at any point in the section is v. Prof. 
Thoma divided this instantaneous velocity into two com- 
ponents, vm the average value of velocity for the point in 
question, and v’ the component of oscillating velocity. The full 
line in Fig. 4 refers to the instantaneous values of velocity and the 
broken line to the average value with respect to time. 


The value of momentum discharged through the element df 
in section C in the time dt is 


(um + v’)? df dé 


Taking a short interval of time At, then this expression for the 


element becomes 
fw. + v’)? df dé 
At 


f owas ta f ora 


At 


or 


The first integral is equal to vm? At, the second is zero since um 
is a constant and fv’ dt = 0. The expression for the outgoing 
impulse then becomes 


tay f 
g 


For the whole cross-section Aic becomes 


tat fia f [14] 
; g J 


If we use the symbol V;? as the average value, for the whole 
cross-section, of the square of the variable velocity v’ with respect 
to both time and cross-section, then we may write 


tat f ota [15] 
f 


Changing At to dt since the distinction was made in order to 
define v;, Equation [15] becomes 


we om? df + [16] 
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(Thoma's Figure 3.) (Thoma’s Figures 4 and 5.) 
For further simplification we may take 
[17] 


where v” is the deviation of the average velocity with respect to 
time in the element considered, from the average velocity in the 
whole cross-section. This relation is shown graphically in Fig. 4. 
Equation [16] then becomes 


f f tyre. us} 


The first integral becomes c?f, the second is equal to zero since 
Sr" df is zero. Equation [18] then becomes 


Where V;,? is the average value of the square of v” over the 
cross-section. 


dJ di di 
We now have expressions for a’ o. and = which may be 
substituted in Equation [9]. If this is done, we get 


Since the forces =P acting on the water column consist of the 
pressure difference between B and C and the force R caused by 
friction, then =P = f(pg — vc) — R and we may write 


g° dt 9 9 


Since the friction on the way to section B may be neglected we 


‘ 
dip 
FS 
= 
Wir 
Des 
, 
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may use Equation [7] to eliminate (pg — pc) from Equation 
[20] as follows, remembering that 1 + l’ = L 


y,,de yc? 

Pa — Pc = (Pa — Pc) — (Pa — Pa) = Pa— Po 
and then 

de 

po) — — 24 nt + Vi) — RB... (21) 

gt 

To evaluate R, it is assumed that during the closing of the 
turbine gates the friction is the same as it should be at a con- 
tinuous flow with the same quantity of water per second. The 
friction is proportional to the square of the average velocity so 
that 


where R, is the initial value of R immediately before the test and 
de 
similarly co is the initial velocity. When R = Ro, then _* 0, 
so that 
Co? 
29 
The first item of the right member represents the initial difference 
in pressure between A and C, the second, the initial velocity head 
pressure, and the third represents the amount by which the ac- 
tual friction is smaller than would be found if the accessory 
velocities were neglected. This is evident when Bernoulli’s equa- 
tion is written for the two points in question, using the average 
velocity conly. Substituting the value of R obtained from Equa- 
tions [22] and [23] in Equation [21] we get 


Ro = f (pas — peo) — vf ri: (Vii? + . [23] 


g , 
= —| (pc — Pa) + — (Pao — Peo) + — (Vir? + Vi?) 
Co? g 

In this equation, the third item on the right, : (Vn? + V1), 
indicates for every interval of time the influence of the accessory 


de 
velocities on the force available for the retardation — a and the 


2 
fourth term, “ Z (Vito? + Vio2), corresponds to the decrease from 
Co 


the value of friction at continuous steady flow. 
If accessory velocities or accessory motions be neglected, then 
Equation [24] becomes 


de 
dt 


c 


2 
(Pe — Pa) + ot (P4o — | 


which expresses the fundamental relations as used in the de- 
lineation of a pressure-time diagram of the Gibson method. 
This equation states that the water-hammer pressure resulting in 


L 
a time dt, = 4 is equal to the pressure difference between points 
g 


A and C plus the pressure still necessary to maintain the ve- 
locity and friction heads at this time. This is shown graphically 
in Fig. 3. 

Prof. Thoma mentions that this equation could also be obtained 
if we suppose that Vi;? and V;* decrease during the closure pro- 
portionally with c*. If this were true the last two terms in 
Equation [24] would balance each other. As in Fig. 5, he shows 


a section (a) representing the initial conditions of flow, a section 
(b) representing the flow at an instant during a sudden closure, 
and a section (c) typical of conditions near the end of a relatively 
long closure. 

During a sudden closure “all water particles are then for the 
same short time under the action of the same strong pressure rise 
so that the velocity of each particle changes in value correspond- 
ing to the velocity at the beginning; the values V,,; and V; have 
then not changed during the sudden decrease in the water quan- 
tity to zero.””. With a long closure, however, the distribution 
of velocity may change considerably according to Prof. Thoma. 
In any case, however, consider + = + Vi,? which 
Prof. Thoma says will come closer to the truth than the assump- 
tion that Vin? and V;? decrease proportionally with c?. This is 
probably an approximation of what happens. If we consider a 
complete closure, then in Equation [24], c is equal to zero and 


dc 
* is equal to zero at the end of the closure so that 


Po — Pa = (Vir? + V1?) 


represents the pressure below normal at C at the end of the closure 
due to the accessory velocities. 

The relative errors in the velocity measurement using a pitot 
tube at any one point in the cross-section may be expressed as 
ms where v,? is the average value of the square of the variable 

Um 

additional velocity varying with respect to time. 
shown by referring to Equation [13] as follows: 


v? = vm? + + 


fi Um vas v’? dt 
At At At at 


The first integral of the right-hand member equals v?,,/, the second 
equals zero because vm is a constant with respect to time and by 
definition fv'dt = 0, and the third equals v2 At by definition. 
Then 


This may be 


Um? 
But v,? is a measure of the pitot tube reading and »,,? is a measure 


of the true velocity. The relative error in the velocity measure- 
ment is 


Um 


(2) + 


Neglecting the terms in the expansion where the exponent is 
greater than two, the expression becomes 


Ve — Um 


te 2 
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But we may equate va = vm with small error in this fraction, so 
that we may write 


1 
Relative error = 3 — 


If one states that the pitot-tube measurements are in error by 1 
per cent and remembering that vm changes to cy) and »; changes to 
Vi when we are considering the whole cross-section, then, at the 
beginning 


Vio? = 2 (0.01) co? = 0.02 cy? 


In evaluating Viro? it is known for water distribution in long, 
straight, smooth pipes that Viro? = 0.02 c?. But Prof. Thoma 
thinks this condition too favorable because turbine conduits are 
hardly ever as straight and smooth as the pipes with which the 
formulas for the water distribution were obtained in the labora- 
tory and also because in most cases the flow is affected by dis- 
symmetries caused by an unsymmetrical inlet. For this reason he 
estimates that Viro? = 0.04 c?. Then with these assumptions 


Vito? + Vig? = 0.06 cy? 
and assuming 
Vir? + Vi? = Vino? + Vio? 


and furthermore assuming a uniform change in c from cy to zero 
during the closure, then, in Equation [24], the expression 


fot 
(Wut + Ve) — (Viet + Vie’) 
9 9 


which may be considered the average error for the whole observed 
time is equal to 


- (Vito? + Vio?) 
which becomes 

2 

= (6.06) 

39 


To take into account the variation in (Vin? + V1?) during the 


closure between (Vito? + Vio?) and (Vito? + Prof. 


1 
Thoma reduces the factor 3 to 3’ obtaining as the average value 


of the error 
2 
0.02 7 = 0.047 
g 2g 
The error in cfs may be expressed as 
K 0.04 e,? 0.02 7's cy? 
FE, in cfs = — — YY =— — 
11n cis SF 29 


where K is the calibration constant of the apparatus, (2) equals 


: S is the horizontal length in in. corresponding to 1 sec of 


time, F equals = A T. is the length of the diagram in sec, and r is 
a 


the vertical height in in. corresponding to one ft of pressure 
change in the conduit. The relative error in per cent may be 
expressed as 


0.02 Treo? SF Ts S 


F KA KA 


E, in per cent = — (100) 
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where A represents the net area of the diagram in square inches. 

Taking the diagram used in the numerical example given in 
Mr. Gibson’s paper (3) which is run No. 15 of the test on unit 
No. 16 of station 3-B of The Niagara Falls Power Company, 
made August 17, 1920, the measured quantity of water is 1708 
cfs and the average error in height of diagram in ft of water pres- 


9.06? 
sure is (0.04) <—- = 0.051 ft. The error in water quantity with 


(0.02) (17.1) (8.97)? 
1.939 


the above assumptions is — = —14.2 cfs 


and the error in per cent is —0.84. 

Taking the diagram shown in Fig. 8 of Prof. Thoma’s article (1), 
which is run No. 1 of the test on unit No. 2 of station 3-A of The 
Niagara Falls Power Company made December 11, 1921, the 
measured quantity of water is 608.5 cfs and the average error in 
(0.02) (11.51) (9.77)? 

3.67 
—0.98 instead of —1.5 as obtained roughly by Prof. Thoma. 

We come now to a consideration of the foregoing in respect to 
the differential application of the Gibson method in which the 
difference in pressures at two measuring sections is recorded. 
Under these conditions Vi? and Vi? at each measuring section 
must be considered. These quantities vary alike for the two sec- 
tions where the upper one is located a reasonable distance from 
the inlet and where the area of the penstock is nearly the same 
at each section so that the distribution of velocities at each sec- 
tion is approximately the same. 

For the differential diagram, Equation [24] may be written 
as follows for the measuring sections C; and C, 


cfs is — = —6.0 or a percentage error of 


de. 2 
——= | + (P4o— Pex) + (Vir? + Vi?) 
dt g 
2” 
— + | 
de, g 
— — = —| (Pc, — P — (Pay — P 
dt [ C1 4) + Cig? (Pao C10) 


+27 (Vat + Vet) (Vit + ven | 
g Cio 9 
Combining these equations we get 


= (Poy — Pes) + (Pay — Pow) 
C29 


But 
C2 C1 dc, 
4 
so that 
2 
(Vito? + Vig?) = (Vito? + Vio?) 
g Cio 9 
and 
g dt g dt g dt 


P | 27 
= (Poy — Per) + (Pao — Pero) — (Pato — Cio) |... [27] 


= 
= 
i 
« 
~ 
Y 
‘ 2 
2 (Vito? + Vio?) 2 2 
2 IIo A 
lo C29" 9 Cio? 
10 
: 
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TABLE 1 TEST OF UNIT NO. 20, STATION 3-C, THE NIAGARA 
FALLS POWER COMPANY, JUNE 22,’ 1924 


Run 10 (Differential diagram) 


TABLE 2_ TEST OF UNIT NO. 20, STATION 3-C, THE NIAGARA 
FALLS POWER COMPANY, JUNE 15, 1924 


Run 9 (Simple diagrams) 


Net area Mean area 
corrected Planimeter corrected (1 —,r)2 
Planimeter Gross Slot. Net for readings Diff. for slot A r (l-r) Q-r)? 
readings Differences area correction area shrinkage a, 28.106 
17.103 26.807 1.299 2.601 
13.016 8.171 0.135 8.036 8.086 25.505 1.302 el 2.531 0.088 0.912 0.832 0.857 
8.932 a: 30.804 
29.457 1.347 2.698 
28.106 1.351 0.036 5.193 0.181 0.819 0.671 0.691 
K = 40.23 F = 0.2522 Headwater elevation = 560.19 2662 
S = 0.4645 Tailwater elevation = 341.60 a: 10.065 P 
= (40:23) (8.086) Gross head = 218.59 "8/300 1.765 3.527 
(0.4645) (0.2522) ‘ . 538 1.762 0.045 8.675 0.302 0.698 0.488 0.504 
Leakage = 16 hy + hr = 2.06 3.482 
Total discharge 2793 cfs Net head = 216.53 a 14.953 
Generated kw = 46,933 12.505 2.448 4.888 
Quantities for net head = 213.5 ft 10.065 2.440 0.043 13.520 0.471 0.529 0.280 0.288 
Q = 2773 cfs 4.845 
kw = 45,920 ay 18.989 
11497 3.940 O40 20.972 0.730 0.2 0 
This is the general equation for the differential diagram with 7452 
the areas at the measuring sections nearly the same. If these q, 26.590 3.800 
areas are equal then = ¢i) and = ¢ and the last two terms 
simplify to 7.598 28.736 
40.450 
C2? C2? c,? Total net area 26.070 14.380 28.784 
— (psy — Poo) — — (pao — Pew) = — (Pero — Pca) 11.666 14.404 0.237 slot correction 
Cap? Cag? C20? 
ie) (1 699) 0.4425) 
(0.4425 
Leakage area = (7256) = 0.166 
Yimor sve Area corrected for shrinkage = (28.547) eos = 28.704 
= S = 0.4425 hv + hy (from net head piezometer) = 7.31 
K = 72.56 hy ow (2786)? 1 = 5.08 
(153.94) 64.4 
F = 1.699 hy = 2.23 
@= (72.56) (28.704) = 2770 
(0.4425) (1.699) Headwater elevation = 559.43 
+1 — Leakage = 16 Tailwater elevation = 341.38 
[+ 31.6 4+? Total discharge 2786 cfs 
— Net head = 215.76 
FIG. 3 kw generated = 46,640 
hyo <4 Gibson tap = 0.49 in. on diagram 
Y,mox juantities for net head = 213.5f 
1.69 = 2770 cfe 
kw = 45,900 


and Equation [27] becomes 


— (L,— ly) = (oa pcr) — Pc. . [28] 


Equations [27| and [28] are independent of accessory veloci- 
ties and so, as stated above, where the measuring sections are 
equal or nearly so, and where the upper measuring section is 
located at a reasonable distance 
from the inlet, then the differen- 
tial diagram is independent of ac- 
cessory velocities. 

Fig. 6 is a differential diagram 
- taken on June 22, 1924, during 

the test of unit No. 20 of station 

“<7 3-C of The Niagara Falls Power 

Company. Fig. 7 is a simple 

diagram taken on June 15, 1924, 

during another test on the same 

unit. The two diagrams were 

taken as closely as possible at 

the same gate opening and the 

same power output. In the case 

599.26 | to forebay on ¢ of penstock of the differential diagram (2 

— is 87.25 ft and in the case 

of the simple diagram L is 599.26 
ft, as shown in Fig. 8. 


Fic. 7 
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Beas 
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Table 1 shows the computations for the differential diagram 
and Table 2 the computations for the simple diagram. They 
show that when equalized for the same net head, the quantities 
of water as determined by these two different applications of the 
Gibson method agree almost exactly. 

The common power-discharge curve for the two tests of this 
unit is shown in Fig. 9, in which the quantities obtained by 
measurements using the simple diagrams are plotted by points 
enclosed in circles and those obtained from the differential dia- 
grams are enclosed in triangles. The average divergence of the 
differential points from the line established by the single points 
is within +0.20 per cent. The agreement between the two tests 
then is within 0.20 per cent. 

This would point experimentally to one of two conclusions. 
Either the positive and negative errors of both the simple dia- 
grams and differential diagrams are of equal magnitude and can- 
cel one another or leave the same residual; or Prof. Thoma’s es- 
timates of the magnitudes of these errors are too large. (1) Later 
it will be shown that when the differential method is used, errors 
No. 2 and No. 4 are small and are opposite in sign to error No. 3, 
resulting in a very small residual error. . 


Error DvE TO FALsE VALUATION OF FRICTION 


The assumption that the friction during the closing is just as 
great as at continuous steady flow with the same amount of water 
possibly is not strictly true. Prof. Thoma points out that a 
downward friction force is exerted upon the back-flowing edge 
current during the last stage of the closure. This force tends to 
make the diagram too large and, therefore, causes a positive error 
in the result opposed to the negative error due to the accessory 
velocities. Estimating the average error in the friction from 
one-twentieth to one-tenth of the friction obtaining when c = ¢, 
then the error in the quantity of water in square inches on the 
diagram varies from + x Me T;Sto+ hy T; S. Expressed 
as a relative error in per cent, this becomes 


hy T. S 


E, = [(+5) to (+10)] , 


where hy, is the friction expressed in inches of ordinate on the dia- 
gram. In the simple diagram, hy) is measured from forebay to 
measuring section and, in the case of the differential diagram, is 
measured between taps. 

For the diagram used in the numerical example this error be- 


comes 
(22) (17) (0.4723) 
(+5) 1621 = +0.57 per cent 
to 
(22) (17) (0.4723) 
(+10) 1621 = +1.14 per cent 


This error for the diagram shown in Fig. 8 of Prof. Thoma’s 
article (1) with the same assumptions as to friction would be 
from 


(0.485) (1 .20)(11.5)(0.728) 
18.20 


(+5) = +1.3 per cent 


(0.485) (1.20)(11.5)(0.728) 
18.20 


(+10) = +2.7 per cent 
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Prof. Thoma gets 0.9 to 1.8 per cent for these values because 
he assumes that 33 per cent of 2s is the value of the fric- 
Y 
tion head at c = c instead of 48.5 per cent as is actually the 
case. These are, of course, very approximate estimates of the 
errors. 
In the study of error No. 2, it is difficult to accept Dr. Thoma’s 


coefficient x to a This error could only exist to any appre- 
ciable degree where the “velocity front” in the conduit is at- 
tenuated. Most penstocks of modern plants are so large that 
the velocity front is almost square. 

As will be pointed out later, adopting 0.075 as a mean value 
given by Prof. Thoma for the coefficient to be used in evaluating 
error No. 2 and evaluating errors No. 3 and No. 4 in accordance 
with the theory advanced, we find the mean residual error at 
point of maximum efficiency in 35 cases examined would be 
0.43 per cent without regard to sign but only +0.06 per cent if 
positive and negative values are taken into account. Thirteen 
cases gave positive results and 22 cases negative results. 


P49 — P 


In many cases the factor on the differential diagram 


is not greater than '/; to '/, in. on diagrams from 4 to 8 in. long 


= 
= 
re 
‘ 
: 
: 
Bikes 
SONS 
to boty, 
re 
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and containing 20 to 50 sq in. of impulse area. Even in the small 
differential diagram shown in Fig. 6, the error due to false valua- 
tion of friction would, according to this estimate, amount to only 


1 1 (100)(0.11)(6.02)(0. 4645) 
(+ x) (+ 8.086 


In a great many instances where differential diagrams have 
been used, a close check has been obtained both where the 
closures have been of long and of short duration. The error due 
to a false valuation of friction must be well under the figures 
suggested by Prof. Thoma. 


= 0.2 to 
0.4 per cent. 


Error DvE To FRICTION OF THE MEeRcuRY COLUMN 


The equation for the motion of the mercury column is 


dp’ 
[25] 
where p’ is the pressure recorded by the apparatus, p the pres- 
sure in the measuring section, a a constant depending upon the 
mass of the mercury column, its cross-section, ete., and k a friction 
coefficient which may be considered constant for small deflections. 
The friction is a function of the velocity of the mercury. The 
symbol p’ represents ordinates on the diagram and, therefore, 
d 
represents the position of the mercury surface, so that = 


d 
represents the velocity of the mercury and k = the frictional 


force. If we let pe represent the (nearly) constant pressure 
existing after the closure, then for the damped harmonic oscilla- 
tions we get 
d*p’ dp’ 
+ ai +? p2 = 0 
Let (p’ — p2) = p”; then 
d*p” dp" 
=( 
+k ut? 


The general solution of this equation is (4) 


or 


st 
te... 
Fig. 10 


Fig. 10 represents a damped harmonic vibration as given by 
this equation with the constant p, equal to zero so that the axis 
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of abscissas divides the figure symmetrically. The figure is also 
drawn for p’ = 0 when ¢t = 0so that the constant B becomes zero. 

The value of k in the above equation may be obtained by mak- 
ing afew calculations. In Equation [30], when? = Othen p’ = 0 
and we may make p, = 0. Then 


= As -—— s -— — 
; a 4a? \. 4a? 


Therefore, B = 0 and Equation [30] becomes 


1 k? 
And 
B= [33 | 
Then 
me *Asinwt................ [34] 


When t = nT, p’ = 0, so that w nT = n 2x or 


For a maximum or minimum value of p’ 


dp’ 
A sin wt + A woos wt = 0 


w 
orwcoswit— Ssinwt = Oortanwt = — 


Whence the condition for a maximum or minimum is 


= tan“! + (n—1) 
1 2 
w B w w 8 


1 w 2 1 
= — tan=? — + + (n— 2)T 
w B wow w B 
pi’ = 4 sin 
po’ = eF 4 sin w tn 


tan- (n—2)T 


pi’ 4 sin wtn-1 


4 sin w tn owen 
tan™! 2 — Bin —2)T + tan-1 = + 
v =e w 8 w 8 
fT. ......... [36] 
Then we have 
2 
[35] 
w 
1 
a 4a? 
k 
33] 
[ 


tl 

ty 

| 

| 

a 4a 

1 k? 
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1 k? 4x? 
a 
3a? 
4a — k? = 16 1 
TT? (a?) — 4a + k? = 0 
64 | 4 
4+ 16 — —— 1 = 1— 
= 
327? Sr? 
y =e or 
kT | Sx? 1 
ogy = —| 
T? 


T (log ¥) T (log yi- = = 
4 


T? (log y)? (: — 


) = 16k*x!— T (logy) + T? (logy)? 


4n°k? 


T? 


T? (log ¥)? = 16 k*x4 — 8 kx*T (log ¥) 


—4n? (log ¥)? k — 16xtk + 8x? T (logy) = 0 
|[—x? (log ¥)? — 4x4] k = —- 2x? T (log y) 


a + x? (log ¥)? 


2 T (log ¥) 


By integrating Equation [25] between the start and end of the 
closure, i.e., between ¢ = 0 and t = ¢; we get 


dp’ dp’ th ti 
a | | + k — po’) +f p'dt = pat 


The first term of this expression is zero because the mercury 
column is at rest at the beginning and at the end of the observa- 
tion. The third term is the time integral for the pressure dia- 
gram which is evidently too small by the amount k (p:’ — po’) 
due to the friction of the mercury. 

Neglecting the second term in the denominator of Equation 
[37], we get for the expression k (p,’ — po’) 


T loge 
2x? 


(pi’ — po’) 
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The relative error in per cent is 


100 TS (loge (p:’ — po’) 


Qn? A 


Evaluating 7, ¥, and (p,’ — py’) from the diagram of Prof. 
Thoma’s Fig. 8, T = 3.74 see, Y = 1.61, (pi:’ — po’) = 2.80 in. on 
diagram, so that 


a (100) (3.74) (0.728) (0.4783) _ 


= = — 1.02 per cent 
2x? (18.20) 


Evaluating 7, ¥, and (p;’ — po’) from the numerical example 
given in Mr. Gibson’s paper, 7 = 4.0 sec, Y = 1.55, and 
(p:' — po’) = 2.33 in. on diagram, so that 
a (100) (4.0) (0.4723) (0.438) 
(16.21) 


E; = —0.60 per cent 

It should be remembered that these numerical values apply to 
the simple diagram. In the differential diagram the correspond- 
ing error is reduced because only a small amount of mercury is 
used and consequently the natural period of oscillation 7 is 
smaller. Moreover the quantity of (p.’ — po’) is smaller as the 
forebay surge is eliminated from the diagram and with approxi- 
mately equal measuring sections there is little or no velocity head 
in the diagram ordinate. Furthermore by damping the gate 
stroke toward the end of the closure, this quantity may be made 
extremely small. 


Error Dve To INERTIA OF THE MERcuRY CoLUMN 


2 
Considering the term re (P49 — Peco) in Equation [24], Prof. 


Thoma says: ‘‘At the beginning of the observation the recorded 
pressure stays below the real pressure and this causes the water 
velocity at the beginning and, therefore, also the above-mentioned 
term to be judged too great.” The relative error in the de- 
termination of the water quantity assuming the theoretical case 
where the destruction of velocity is uniform from the beginning 


de 
to the end of the closure, i.e., = is constant, is given as 


1 @) P — 
2x? Pm 


where T' is the time for the natural period of the apparatus, 7's 
the duration of closure in seconds and p,, the average value of 


Po — Pa + — (Pao — Prev) 
Co 


or 


*) 
g dt g T. 


This expression gives the maximum value of the error because 
dc 
In a practical case a cannot be constant but is smaller at the 
start of the closure. This results in a closer agreement between 
the curve recorded by the surface of the mercury and the curve 
of true pressure. 

We may derive this expression for the limiting relative error 
due to the inertia of the mercury column as follows. With the 
assumption of uniform destruction of velocity, the actual pres- 


* This expression is approximate, the correct one being 


(7) 
8x?\ T, Pm 


T | 4r*k? 
1+ —— 
2 
3 
k 
+ 
2 
= 
ey 
3 


222 


sure-time diagram occurring at section C is shown in Fig. 11 by 
the area AGFEDCBA having a constant height = = Da 


and a length 7.. The actual diagram as recorded in this case 
would be AMLKJDCBA. The mercury lags behind the pressure 
line AGFE at the start and during the closure oscillates about 
GFE, in this case in a damped harmonic curve. The area of the 
diagram in either case considered above the horizontal base AX 
is the same. If we substitute the sine curve AQPON for the 
damped harmonic curve (i.e., neglect the friction in the mercury 
column), then by comparing the net area of the diagram as cal- 
culated by the Gibson method with the theoretical net diagram, 


Fic. 12 


an expression is obtained for the error due to inertia. The differ- 
ence, of course, is due to the difference in the location of the re- 
covery line on the diagram. In the case of the theoretical dia- 
gram this location is ABCD, and in the case of the actual dia- 
gram the location is AB’C’D. The actual recovery line oscillates 
about the true one making plus and minus errors which tend to 
compensate although the largest divergence occurs at the start of 
the diagram. 

Inasmuch as the line GFE is parallel with ABCD and the sine 
curve AQPON oscillates about GFE, we may assume that the 
ordinate (pa, — peo) = XD is zero for the diagram and recon- 
struct the figure as shown in Fig. 12. This will simplify the cal- 
culations. By integrating both theoretical and actual diagrams 
in Fig. 12 from t = 0 to some point ¢ = t, we may then find the 


c 
value of r or — at this point. The difference in the value of 
Cs 


(1 — r)*(p4q — peo) for the two diagrams gives the error in the 
loeation of the recovery line and this expression integrated over 
the length of the diagram gives the error due to the inertia of the 
mercury. 

The general equation for the sine curve with CD as the axis is 
y = Asinkt + Beoskt. We may evaluate constants A, B, and 
k as follows: Whent = 0 then y = — p,,, so that — p,, = 0+ 
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B, or B = —p,,. Similarly whent = + then y = 0,so that 0 = 


kT Dm 


T T 5 
A sink — — -, —, 
sin 4 Pm 008 k 7 or tan = A Also when t a7 


then y = 0,so that 0 = Asin — pm cos kT, or tan = 


re This results in the relation = 27,ork = 


We may, therefore, write 


T 
find that A = 0, so that we may now write 


2 
Substituting k = =" in the relation A sin ke = p,, cos k -, we 


c t 
= Dm COS — 
y Pp T 
Transferring the axis from CD to AB and using y’ for the ordi- 
nate to the curve, we may write the relation 


2r 
y = Pm + Y = Pm — Pm COS 


The area under the curve to any point ¢ is 


T . 


t (t 
2r 


2r T 


The true ratio r; as used in 
Pmt 

= — and (1 —r,)? = 1— — + —.. TI 
approximate ratio rz as used in the delineation of the diagram as 


recorded by the mercury is 


The total diagram area is 


delineation is r; = 


and 


+o 


The error in the location of the recovery line is then 


[( —r)* — (l — r)*] (Pag — Peo) 


T? 
= (Pao — Pcp) si 


This expression reduces to 


—tT . T? sia 


g 
T 
: 
: 
] 
Pm 2r = 2rT, 
|| 2r 2 —— gin T 
r 
2 2x 
2t + sin Tr t T. 
r 
: 
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The error in diagram area to any time ¢ is 


— IT 2n T 2x 
(P49 — FE sin t+ (sin 


iy 
+ 


which reduces to 
Tt 
(Pay — Peo) 2 t+ T t 


If we integrate from t = 0 tot = T7;, we will obtain the total 
amount of the error for the measurement. 7’, can be taken as a 


2 2 
multiple of 7 in evaluating cos — T, and sin 7 T. since at the 


T 
end of the diagram the mercury is at rest.‘ 


TABLE 3 THEORETICAL CAUSES OF ERROR INVOLVED IN 
THIRTY-FIVE TESTS MADE WITH DIFFERENTIAL APPLICA- 
TION OF THE GIBSON METHOD 


Cause Cause Cause Residual 

Key No. 2, No. 3, No. 4, of causes, 
No. Unit per cent per cent per cent per cent 
1 1 +0.36 —0.32 +0.03 +0.03 
1 2 +0.30 —0.28 +0.02 +0.04 
2 3 +0.66 —0.30 +0.17 +0.53 
3 3 +0.46 —1.21 +0.39 —0.36 
4 3 +0.12 —0.50 +0.09 —0.29 
4 3 +0.30 —0.49 +0.11 —0.08 
4 6 +0.21 —0.61 +0.08 -—0.31 
4 6 +0.29 —0.45 +0.09 —0.07 
4 6 +0.38 —0.56 +0.12 —0.06 
4 7 +0.22 —0.90 +0.12 —0.56 
4 7 +0.31 —0.59 +0.14 —0.14 
4 7 +0.41 —0.49 +0.15 +0.07 
4 7 +0.38 —0.57 +0.17 —0.02 
4 & +0.19 —0.58 +0.12 —0.27 
5 2 +0.22 —0.93 +0.03 —0.68 
5 3 +0.24 —1.01 +0.03 —0.75 
5 4 +0.22 —1.00 +0.03 —0.75 
6 1 +3.09 —0.28 +0.07 +2.88 
6 3 2.25 —0.27 +0.06 +2.04 
7 1 +1.07 —0.30 +0. +0.79 
8 1 +0.44 —0.28 +0.02 +0.18 
8 2 +0.00 —0.10 +0. —0.10 
9 +0.06 -—0.18 +0.05 —0.07 
10 1 +0.28 —0.38 +0.02 —0.08 
10 2 +0.25 —0.38 +0.01 —0.12 
11 1 +0.00 —0.09 —0.02¢ -0.11 
11 2 +0.00 —0.13 —0.034 —0.16 
12 1 +0.32 —0.96 +0.04 —0.60 
12 2 +0.13 —0.97 +0.03 —0.81 
13 1 +0.55 -—0.70 +0. —0.06 
14 1 +1.24 —1.02 +0.40 +0.62 
15 1 +0.79 —0.43 +0.06 +0.42 
15 2 +0.72 —0.33 +0.07 +0.46 
16 1 +0.67 —0. +0.06 +0.19 
16 3 +0.62 —0.46 +0.06 +0.22 

Average of 35 units without respect to sign 0.043 per cent 
Average of 35 units with respect to sign +0.06 per cent 


T? | Qe T°T, 

T? 2r 2r TT, T? 
Fe Fe cg? = _ T 

T? 


This expression reduces to 


T? T? 
(Pag — + 
or 
§ T? 
(Pao — Pco) 


The relative error then is 


5 


Pm Sx? 


zy (Pao — Peo) 
T. Pm 


Expressed as a percentage this becomes 


2 
0 
E, = (+100) (°) = [39] 


or, for the simple diagram 


28 
E, = (+100) (°) -, (Pay — Poco) [40] 


and, for the differential diagram 


Te 


5\ 1 

E, = (+100) TA — [41] 

It should be noted that this is the maximum error due to the 
de 

inertia of the mercury column since — has been assumed equal 


dt 
toaconstant. Ina practical case the velocity is not destroyed at 


‘In Figs. 11 and 12, 7, is not taken as a (whole) multiple of T, 
but 7, is made equal to 2.5 T. The computation made herein refers 
to the case that 7, = n7, n being a whole number. The case that 


T, = (» aa :) T gives the same relative error. 


® Static line below running line. 


a constant rate. At the beginning of closure, the turbine gates 
move slowly and the rate of velocity change is small. The mer- 
cury in the manometer follows the pressure change in this case 
more closely than in the case assumed. 

In the simple diagram of Prof. Thoma’s Fig. 8 (1), the error in 
the water quantity is then not more than 


5\ 1 (3.74)? (0.728) 
E, = (+100) (°) = (11.51) (18.20) (1.29) +0.39 per cent. 

In the simple diagram of the numerical example, the error in 
the water quantity is not more than 


5\ 1 (4.0)? (0.4723) 
E, = (+100) (°) (17.1) 06.21) (0.798) = +0.14 per cent. 

In the process of delineation the areas a), a2, a3, etc., are so 
chosen that the points E, F, G, H (Fig. 12) are determined. 
These points have the same location on either recovery line of 
Fig. 12. The error in the recovery line of a given diagram due to 
inertia of the mercury thus varies as the line progresses along the 
diagram, the net result being a positive error, the maximum 
possible value of which is extremely small. Furthermore, by 
using the differential measurement, this error tends to be in- 
appreciable because (a) of the small amount of mercury used, 
which reduces the value of T in Equation [41] and (6) the rela- 
tively smaller value of (pcio — Pca) in Equation [41] as compared 
with (p49 — pPco) in Equation [40] due to the elimination of the 
influence of the forebay surge and to the tendency to reduce the 
recovery of velocity head. 


APPLICATION OF THEORY OF Errors To AcTUAL TESTS 


The above theory of errors has been applied to a large amount 
of test data obtained during the last few years. All the dia- 
grams considered have been of the differential type and, conse- 
quently, error No. 1 (1) may be assumed equal to zero. The cal- 
culated values of errors Nos. 2, 3, and 4 (1) and of the resulting 
residual error at the point of maximum efficiency of the unit 
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Turesine HorserowerR 


Mosier STATION Unit No. | 
Comparison oF Resutts 
Gisson Test ano ALLEN TesT7 

Net Heap = 196 Ft. 


tested, were found to be as given in Table 3. In the case of er- 
ror No. 2, 0.075 was adopted as a mean value of the coefficient 
given by Prof. Thoma. From this investigation the mean residual 
error at the point of maximum efficiency in 35 cases examined 
would be 0.43 per cent without regard to sign and +0.06 per 
cent considering sign, as shown in Table 3. 

Considerable experimental work has been carried on from time 
to time in the hope of being able to find the magnitude of the 
residual error experimentally, but it seems probable that it 
is too small to be within the range of experimental observation. 
It is well known that, even in laboratory work, it is difficult to 
get results to agree exactly when the same model is tested in two 
different laboratories. 

In confirmation of this conclusion attention may be called to 
Figs. 13, 14, and 15, which give comparative test results of three 
units by both the Allen and the Gibson methods. The remark- 
able agreement between the two measurements is apparent. In 
the case of Moshier unit No. 1 correction for the theoretical 
errors puts the two curves in slightly better agreement, and in 
the case of Moshier unit No. 2 the reverse is true, although the 
agreement either with or without the theoretical corrections is 
very good. In the case of the 1900-hp unit shown in Fig. 15. 
the correction for theoretical errors tends to make the Gibson 
curve depart from the Allen curve by a greater amount. It is 
possible, of course, that both tests may be in error because, as 
pointed out by de Haller (5), there are theoretical reasons 
for believing that the Allen method gives too small quantities 
when the velocity front is attenuated. The magnitude of this 
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error also may be so small that it cannot be determined experi- 
mentally. However, it would be a remarkable coincidence if 
two methods differing so much in principle should have errors in 
the same direction and in like degree. In addition to these two 
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cases, we have comparisons with 
volumetric measurements in the 
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TABLE 4 COMPARISON OF VOLUMETRIC, GIBSON AND ADJUSTED GIBSON MEASUREMENTS 
RECORD OF CORNELL TESTS MADE UNDER APPROXIMATELY THE NIAGARA CONDITIONS 


mee Per cent 
original Cornell tests, and other ——-variation—~ 
comparisons involving weirs and Resid- , A. 
; our - metric - 
The Gibson tests at Cornell Come Couse Conse Couse causes, Volu- justed justed 
Ini ; ‘ 0. no. no. no. no. per cent metric ibson ibson ibson ibson 
niversity which werecompared 45° 40.05 -062 40.12 —0.51 20.27 20.31 20.41 +0.2 +0.69 
with volumetric determinations 46 -—0.07 +0.09 -1.00 +0.14 —0.84 20.42 20.52 20.69 +0.5 +1.32 
have been analysed with respect 47 -0.07 +0.16 -0.78 +0.16 -0.53 20.45 20.65 20.76 +09 +1.52 
to the various theoretical errors of series......... —0.63 20.38 20.48 20.62 +0.5 +1.18 
taken were of the simple type 7 0.18 +0.26 -0.25 +012 -0.05 30.69 31.15 31.17 +1.5 +1.56 
so that error No. 1 is included. Mean of series...................00.0-- -0.13 30.57 30.82 30.87 +0.8 +0.98 
is analysi 8 -0.20 +009 -0.66 +0.16 -0.61 42.24 42.17 42.43 -0.2 +0.45 
The results of this ysis are -0.21 $0.10 -0.70 +0.:15 41.94 42.28 4256 408 41.48 
given in Table 4. 10 -0.22 +0.09 -0.32 +0.13 —0.32 42.22 42.09 42.23 -0.3 0. 
It is evident that in thisseries 22 -0.67 -0.58 41.96 42.20 
of tests involving 19 individual Mean —0.54 42.13 42.12 42.35 0 +0.52 
30 -0.24 +0. -0.44 40.13 -0.45 40.36 40.41 40.59 +0.1 +40.57 
determinations, the residual er- 3; 4012 —051 +4013 40.90 41.10 +1.3 41.83 
ror is calculated to be —0.36 per 32. -0.25 -—0.36 +0.13  -0.27 40.98 40.88 40.99 -0.2 0.00 
cent assuming a coefficient of Mean of series.......... —0.40 40.57 40.73 40.89 +0.4 +0.80 
0.075 for determining error (6). {7 0:09 0133 +0113 0:37 40:73 
The attempt to correct forthe 16 -0.30 -0.28 +40.12 —0.33 46.95 46.60 46.75 —0.7 —0.43 
theoretical errors results in in- Mean of -0.30 46.92 46.60 46.74 -0.7 -0.38 
-0.; +0.32 -0. +0. 
the volumetric and the Gibson 35 -0.27 40.16 —0.03 50.93 51.15 51.17 40:4 40.47 
results from the value of +0.2 of 50.63 50.85 50.97 +0.4 +0.67 
per cent to +0.5 percent. This 
rections are not applicable to the 
extent estimated. The causes referred to in this table are the possible causes of error discussed by Prof. Thoma. The discharges 


It will be interesting to tabu- causes of error. 
late the theoretical errors in- 
volved in the diagrams shown in 
Figs. 6 and 7. These two diagrams were taken on unit 20 of 
Schoellkopf station 3-C at Niagara Falls, N. Y. One was a dif- 
ferential and the other a simple diagram. Without correction for 


theoretical errors the results as given in Table 5 were obtained. 


TABLE 5 
Net Generator 
Cfs head kw 
Fig. 6—differential............. 2793 216.53 46933 
2786 215.76 46640 


When equalized to the same net head, the discharge quantities 
agree within 0.1 per cent. If the theoretical errors are so calculated, 
the divergence then becomes about 0.7 per cent. 

Referring to Prof. Thoma’s Fig. 8 (1), and to the numerical 
example (6) mentioned by Prof. Thoma, the individual errors and 
the residual error have been calculated as given in Table 6. 


TABLE 6 
Gibson's numerical 
Thoma Fig. 8 (1) example 
station station 
Schoellkopf 3-A Schoellkopf 3-B 
unit no. 2 unit no. 16 
ee +1.9 +0.9 
Theoretical residual error +0.3 —0.4 
CoNCLUSIONS 


(a) The differential method is independent of error No. 1 (1) 
due to accessory motions of the water particles, where the measur- 
ing sections are equal or nearly so and where the upper measuring 


referred to as ‘‘adjusted Gibson’’ are the discharges obtained from the Gibson diagram corrected for Prof. Thoma’s 
The value given for cause No. 2 is the average of the limits proposed by Prof. Thoma. 


section is located at a reasonable distance from the inlet. This 
error where existing, is negative. 

(b) In the study of error No. 2 (1), which may be due to as- 
suming that the recovery of friction head during closure is pro- 


portional to the square of the average velocity, it is difficult 


from our analysis to accept Prof. Thoma’s coefficient of x to a 


This error could only exist in appreciable degree where the 
“velocity front” in the conduit is attenuated. Most penstocks of 
modern plants are so large that the velocity front is almost 
square. This error is positive. 

(c) Error No. 3 (1), which is concerned with the friction of 
the mercury column in the pressure measuring apparatus and of 
the balancing water column in the connecting piping and pen- 
stock, is reduced in the case of the differential measurement. 
This is true because only a small amount of mercury is used and, 
consequently, the natural period of oscillation T is smaller. 
Moreover, the quantity (p:’ — po’) is smaller as the forebay surge 
is eliminated from the diagram and with approximately equal 
measuring sections there is littie or no velocity head in the dia- 
gram ordinate. Furthermore, by damping the gate stroke 
toward the end of the closure, this quantity may be made ex- 
tremely small. 

(d) The maximum error due to the inertia of the mercury has 
been considered, herein, by assuming that the rate of change of 
velocity with respect to time is a constant. Actuaily the ve- 
locity is not destroyed at a constant rate since at the beginning 
of closure, the turbine gates move slowly and the rate of velocity 
change is small. The mercury in the manometer gage conse- 
quently follows the pressure change more closely than under the 
assumption made. 

(e) Finally, it has been demonstrated that with the differential 
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diagram errors Nos. 2 and 4 (1) are small and are opposite in 
sign to error No. 3 (1) resulting in a very small residual error. 
Although errors Nos. 3 and 4 (1) may be theoretically computed 
from the diagram itself, this should not be done without reference 
to error No. 2 (1). 

Until experimental verification of the foregoing theory of errors 
has been established, we conclude that the residual error is 
probably within the limits of precision possible in the measure- 
ment of large quantities of water. This conclusion is confirmed 
by the tests made in comparison with other methods of mea- 
surement and, indirectly, by a great many tests involving both 
the simple and differential application of the Gibson method. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


REFERENCES 


1 “Uber den Genauigkeitsgrad des Gibsonschen Wassermess- 
verfahrens,’’ by Professor D. Thoma. Published in ‘‘ Mitteilungen 
des Hydraulischen Instituts der Technichen Hochschule Miinchen,”’ 
Bull. No. 1, 1926, pp. 59-74. 

2 Trans. A.S.M.E., 1923, page 29. 

3 Ibid., 1923, page 343. 

4 “Calculus,”” by Davis and Brenke, p. 366. 
Co., New York, N. Y. 

5 “Considerations theoriques sur la mesure des debits d'eau par 
la methode d’Allen,”’ par P. de Haller, Helv. Phys. Acta, 1930. 

6 ‘The Gibson Method and Apparatus for Measuring the Flow 
of Water in Closed Conduits,”’ by N. R. Gibson, Trans. A.S.M.E., 
1923, pp. 343-376. 


The Macmillan 


_ 
| 
ds 
ba 
\ 
4 
SE; 


HYD-57-6 


Observations on the Use of Current Meters 
for Precise Flow Measurement 


By L. A. OTT,? KEMPTEN, GERMANY 


This paper discusses the circumstances surrounding 
the development of current meters in Central Europe, 
and the application of these meters in the testing of 
large water-power plants. Among the important steps 
presented in the application of these instruments are, 
the use in parallel of a plurality of meters, the adoption 
of simultaneous electric recording by a chronograph, 
the consequent adoption of water-free contact mecha- 
nisms and elimination of the multiplicity of meter types, 
and standardization of practice. 

Reference is made to the practice of attempting to 
avoid the necessity for properly converting unfavorable 
measuring sections by using two types of meter having 
different degrees of error in resolving oblique flow. It is 
pointed out that precise testing presupposes equally 
precise rating of meters with duplication of the exact 
supporting means used in field tests. Standard values 
for the degree of accuracy of the instruments used in 
Germany are given, and the accuracy actually obtainable 
in practice is discussed in the light of comparative tests 


which have been made. 


HE testing of large water-power plants, together with de- 
velopments in the construction and use of current meters 
for precise flow measurement, have become farther ad- 
vanced in Central Europe than elsewhere because of certain favor- 
able circumstances. First, engineers and manufacturers recog- 
nized and accepted the fact at an early date that in the construc- 
tion of hydrometric vanes, the axis of rotation is best placed paral- 
lel with rather than normal to the flow. This eliminated unprofit- 
able differences of opinion as to the advantages and disadvan- 
tages of cup and screw meters with the result that rapid progress 
was made. Second, just at the time when the necessity arose 
for exact water measurements in large water-power plants, we 
had in Dr. Epper, chief of the Swiss Hydrographic Office, a pio- 
neer in water-measurement technique, who was versed in the 
solution of problems of measurement in civil and mechanical 
engineering fields, and who, from his own experience in the test- 
ing of meters by towing tests, was able to give instructions for 
standard procedure. Third, Dr. Epper and other engineers ac- 
tive in the development of water-measurement technique, could 
always depend on the willing cooperation of a firm with consid- 
erable experience in this field, the management of which consid- 
ered the invention and production of good water-measuring in- 
struments as its life task. 
At the present time, it is the predominant opinion of engineers 
that the simultaneous reading of a number of meters, the in- 


1 Translated by Dr. J. R. Zwickl, chief engineer, refrigerating 
machinery division, Baldwin-Southwark Corp., Philadelphia, Pa., 
Assoc-Mem. A.S.M.E., and L. F. Moody, professor of hydraulic 
engineering, Princeton University, Princeton, N. J. Mem. A.S.M.E. 

2? Mathematik Institut, Kempten, Germany. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting of THe AMERICAN Society oF MECHANICAL ENGI- 
NEERS, New York, N. Y., December 3 to 7, 1933. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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dications of which are electrically recorded on a chronograph, 
affords the most accurate method of measuring water flow in 
large power plants. This method of water measurement, first 
applied in 1908 by Prof. Reichel at the testing station for water 
motors at the Technische Hochschule of Berlin (1),? but only 
introduced in general practice about 1922, is comparatively 
simple to apply, even in the largest low-head power plants. 

The necessity for the use in parallel of a plurality of meters 
fortunately did not require the development of a new type of in- 
strument in Europe. On the contrary, it reduced the number of 
types previously used. Among other meters which disappeared 
from use were the ‘‘Weichsel,’’ Epper-Ott Meter IV (2), and the 
“Tiler,” Epper-Ott Meter LX, with guard ring (3). 

These meters, although very good instruments, disappeared 
because they possess electric-contact mechanisms accessible to 
the water. Meters sufficiently free from mutual influence to 
permit simultaneous operation must have water-free contact, 
such as found in the “Rhein,” Mensing-Ott Meter VI (4), and 
the ‘“Texas,’’ Ott Meter V (5). Of these two meters, the latter 
finally has proved itself superior as a result of special advantages 
derived from the axle bearing of its propeller. Since water mea- 
surements in large European plants during the past five years 
have been conducted with this Ott Meter V, it may be considered 
as the present European standard. 

This meter, like all Ott meters, can be furnished with either a 
spoke propeller or a spoon propeller. The spoke propeller is a 
cylindrical screw with three blades, confined by straight lines, 
and attached to the boss hy means of spokes. The spoon pro- 
peller is a conical screw with only two blades which form one 
solid piece with the boss. Although the conical screw has an 
advantage in that it will not entrap grass and is self-cleaning, 
this is frequently less important in flow measurements than the 
advantage of the cylindrical screw with spokes which, with the 
same diameter and pitch, possesses a smaller error of measure- 
ment in a flow which is somewhat oblique to the axis of the in- 
strument. 

Since no meter has yet been constructed which correctly re- 
cords the velocity component normal to the measuring section of 
obliquities of flow exceeding about 15 deg, great emphasis is 
placed in Europe on the importance of using a proper measuring 
section having smooth parallel flow. If such a section is not 
available, guiding walls and decks are installed and, prior to 
undertaking tests, preliminary runs are made to prove the ac- 
ceptability of the measuring section. If the water filaments 
run reasonably close to parallel in a measuring section, but as a 
whole run obliquely at a known angle, then the meter axis is not 
placed normal to the profile but parallel with the flow and the re- 
sults of the measurement are afterward multiplied by the cosine 
of the direction angle. 

To avoid the necessity of converting unfavorable measuring 
profiles by guide walls, tests are sometimes made with two in- 
struments with propellers of different cosine characteristics. 
Corrections are then derived from the difference in results from 
these two meters. Such tests, however, have not been employed 
in Europe up to the present because the method doubles the work 


3 Numbers in parentheses refer to similarly numbered references 
at the end of the report. 
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of testing and calculating, and greatly increases the duration of 
the observations for the separate metering points over the time 
required in the normal method of measuring regular flow. In the 
normal method, it is a recognized fact that the individual re- 
sults do not give the actual mean velocities at the individual 
metering points because of the variation of the stream picture. 
However, determinations of the exact water velocities at the in- 
dividual metering points are not important inasmuch as the in- 
dividual variations equalize out in the final result. In the two- 
meter method it is probably necessary, as Prof. D. Thoma has 
pointed out, to determine the actual mean velocities at the sepa- 
rate metering points, with an increase in observation time re- 
quired for this purpose. 


METER RaTING 


The high accuracy of measurement necessary for turbine test- 
ing, presupposes a correspondingly high accuracy of meter rating, 
which must be accomplished with the meter supported during 
the towing tests in exactly the same manner as when it is being 
used for taking measurement readings. It must also be noted 
that during the rating tests it is essential that the water be 
brought to rest between each two runs if accurate results are to 
be obtained. If a large number of meters are to be calibrated 
in a limited period, several meters should be towed simultaneously 
in the rating flume rather than towing each meter individually 
and shortening the pauses between separate runs. At Kempten, 
four meters are usually rated at one time, with a fifteen-minute 
period allowed for bringing the water in the rating flume to com- 
plete rest after the test has been made. For larger flumes a 
longer period of time is required. 

A graphical method is employed for recording the results of 
the rating tests. Although plotting revolutions per second or 
feet per second as abscissas and feet of travel per revolution as 
ordinates is convenient in recording the results of meter-rating 
tests, the method is not well suited for determining the accuracy 
of the rating or for comparing different ratings because the physi- 
cal inter-relation between the water velocity, the rotation of the 
meter vane, and the mechanical and hydraulic resistances oc- 
curring in the instrument (for instance, the influence of oil vis- 
cosity in the ball bearings) will disappear. It is better, with the 
same abscissas, to plot as ordinates the corresponding velocity 
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slip (6), that is, the difference, A = v—kn, between the velocity 
v of the towing car and the axial advance of the screw calculated 
from k, the hydraulic pitch of the propeller, and n, its number 
of revolutions per second. The properties of the instruments, 
the special influences of the supporting devices, and the towing 
procedure are then more clearly defined than in the first method 
of plotting mentioned. In a good instrument, the scattering of 
the individual observation points compared to the faired curve 
should not exceed 0.007 fps over the entire velocity range from 
0.4 fps to 10 fps. 

If we take this scattering of the rating test points as a measure 
of the accuracy of measurement of a meter under favorable flow 
conditions, we see that a relative accuracy of measurement of 
1 per cent presupposes a water velocity of about 0.7 fps. For 
this reason it is specified in the German standards for water mea- 
surement that the water velocity in the measuring section should 
not be less than 0.25 meter per sec or 0.8 fps. In spite of the 
numerous comparative tests already conducted with various 
methods of measurement, and in particular the direct volumetric 
measurement, the degree of accuracy actually attainable in prac- 
tice still appears to be uncertain. This is not surprising since 
checking accuracies of measurement of more than 99 per cent is 
a very delicate matter; particularly the direct volumetric mea- 
surement of the large volumes of water which have to be handled 
in such comparisons, even when a sufficiently large container is 
available, appears in general not to be a simple matter but, on 
the contrary, a very difficult problem. 
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The Psychrograph 


By A. M. NORRIS,' BALTIMORE, MD. 


Problems in air-conditioning can be solved quickly and 
accurately by the use of a psychrograph developed by the 
author. In this paper, representative problems of the 
type met with in air-conditioning work are solved on the 
psychrograph, accompanied by explanations, and illus- 
trate the ease with which the chart can be used in the 
various cases presented. 


HE AUTHOR of this paper has long been impressed by the 
importance of the relationship expressed by the ratio of 
sensible-heat input to total-heat input in all air-condi- 
tioning calculations. Since a simple proportion will plot as a 
straight line on ordinary coordinate paper, it was apparent that 
certain problems could be solved graphically if a psychrometric 
chart were constructed with equal units of sensible heat and equal 
units of total heat as coordinates. 

The psychrograph is such a chart and was designed for the 
graphic solution of problems. It has been printed on letter-size 
sheets, convenient for filing with other calculations; thin paper 
being used to permit blue printing, should more than one copy of 
a solution be desired. 

An increase in legibility was achieved by inclining the axis of 
the abscissas and using a vertical axis for the ordinates. This 
had the effect of lengthening those lines on the psychrograph 
which indicate dry-bulb temperatures, and, consequently, of 
increasing the spacing between all of the other inclined and 
curved lines which cross them. 

While the framework of the psychrograph consists of a vertical 
system of lines representing total heat in Btu per pound of dry 
air and vapor present, crossed by an inclined system of lines 
representing sensible heat in Btu per pound of dry air, the chart 
has been so designed as to show those functions which are com- 


monly mentioned in the statement of an air-conditioning prob- . 


lem. Therefore, dry-bulb temperatures are shown along the 
corresponding lines of sensible heat, and wet-bulb temperatures 
along those of total heat. 

It is recognized that, theoretically, dry-bulb lines drawn on such 
a frame work will have a very slight curvature, due to the sensible 
heat in the vapor under conditions of partial saturation, but this 
sensible heat in the vapor is seldom, if ever, considered in an air- 
conditioning problem; and the specific heat of steam, superheated 
at very low pressures, seems to be a matter of debate among the 
authorities. It was therefore disregarded, as its introduction 
would carry with it complications in calculation of air quanti- 
ties required, which are not warranted by the possible accuracy 
of a commercial air-conditioning estimate nor by the accuracy of 
the instruments which are available for the measurement of 


1 Chatard & Norris, Inc. Mem. A.S.M.E. Mr. Norris received 
the degree of M.E. from Stevens Institute of Technology in 1907 and 
was then for three years connected with the Consolidated Gas, 
Electric Light & Power Co., as test engineer. In 1910 he became a 
member of the firm of Chatard & Norris, Baltimore, Md., contracting 
engineers and manufacturers’ agents. In 1935 he became associated 
with the engineering office of D. D. Kimball of New York City. 

Contributed by the Process Industries Division and presented at a 
meeting of the Metropolitan Section of Tae AMERICAN SOCIETY OF 
MECHANICAL ENGINEERS, New York, N. Y., October 22,1934. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1935, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expression of their authors, and not those of 
the Society. 


results. In the preparation of the psychrograph, Goodenough’s 
“Table of Mixtures of Air and Saturated Water Vapor’ was 
used. 

In Fig. 1, the gradient of the dry-air line, a section of which 
appears on the upper left-hand margin, was determined by refer- 
ring points on it to the total-heat scale, the total heat in a pound 
of dry air at any temperature being identical with the sensible 
heat per pound given in Goodenough’s table for that tempera- 
ture. Within the limits of the chart, this line is straight, as the 
specific heat of dry air is assumed constant at 0.2416 Btu. Other 
lines on the psychrograph were plotted from tables calculated by 
the author, using accepted formulas. 

There remains only the scale, ratio of sensible-heat to total- 
heat lines. This scale was constructed by using the heat-ratio- 
reference center, at the lower left-hand side of the chart, as the 

origin, and plotting the simple proportion “aid " N, 
for various values of N, on the two heat scales which form the 
basis or skeleton, of the chart. 

The lines so obtained will pass through the origin, or heat- 
ratio-reference center and points on the scale, ratio of sensible 
to total-heat lines. These lines are only directional in their 
nature. If any point on the chart is taken and heat added to or 
deducted from the air represented by this point in a definite 
ratio of sensible heat to total heat, the direction of change of 
state must be the direction of the heat-ratio line corresponding 
to the specific ratio. 

The following theorems apply: 

Theorem 1. A line drawn parallel to any given heat- 
ratio line, through any given point on the chart, will be the 
locus of all changes of psychrometric condition in the air repre- 
sented by the given point, when heat is added to or deducted 
from this air in the given ratio of sensible heat to total heat. 
From this follows: 

Theorem 2. When two samples of air are mixed, the 
locus of all possible psychrometric conditions, for mixtures in 
varying proportions, must be the straight line joining the two 
points which represent the psychrometric qualities of the two 
samples, since one sample must lose heat and the other gain heat 
in identical quantities and ratios of sensible to total heat; and 
the two points and the point representing the mixture will all 
lie on the same heat-ratio line parallel. 

An exception to Theorem 2 occurs when the straight line 
joining the two points crosses and recrosses the saturation curve. 
In this case, the locus of possible mixtures will follow the satura- 
tion curve instead of crossing it, and the quality of mixture will 
be somewhat uncertain, if less than saturated, as a portion of the 
vapor present may condense out of the mixture and fail to re- 
evaporate. 

Acknowledgment is made by the author to W. A. Minkler for 
modifications in the original chart which have increased its 
legibility and, consequently, materially simplified its use. 

Example 1. The use of the psychrograph as an ordinary 
psychrometric chart is shown in Fig. 1, in which a single point 
has been taken. Reference to the figure will show that the dry- 
bulb temperature is 80 F; wet-bulb temperature, 67 F; rela- 
tive humidity, 51 per cent; dewpoint, 60.4 F; grains of vapor 
per lb of dry air, 78; cu ft per lb of dry air plus vapor present, 
13.84; sensible heat, 19.33 Btu; total heat, 31.10 Btu. 

It will readily be seen that if any two of the foregoing char- 
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acteristics are known, and the lines representing them drawn, 
the intersections of these lines wiil fix all the other characteristics 
for the sample. 

Ezample 2. In this problem, in which the dewpoint tem- 
perature of 60 F and dry-bulb temperature 75 F, are given. 
It is desired to find the rclative humidity should the dry bulb be 
increased to 90 F with no moisture added (dewpoint constant). 

Referring to Fig. 2, locate the point of intersection of the slant 
line representing 60 F dewpoint and the slant line representing 


1 


75 F dry-bulb temperature.? At this point, move obliquely up- 
ward and to the right, along the 60 F dewpoint line, to its inter- 
section with the 90 F dry-bulb line. The relative humidity here 
is read as about 37 percent. Incidentally, the wet-bulb tempera- 
ture has increased from about 65 F to approximately 70 F. 
Example 3. Given air at 80 F dry-bulb temperature and 58 F 
wet-bulb temperature, to find the increase in total heat when 


2 When solving problems it is assumed that reference will also be 
made to Fig. 1 which is a reproduction of the psychrograph. 
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56 grains of moisture per lb of air are added and the dry-bulb 
temperature remains at 80 F. 

Referring to Fig. 3, locate the point of intersection of the slant 
line representing the 80 F dry-bulb temperature and the vertical 
line representing the 58 F wet-bulb temperature. From this 
point, project upward to the right along the grains per lb line 
where 36.5 grains per lb is read. The total heat may be read 
as 24.8 Btu per lb directly from the wet-bulb temperature. 

If 56 grains per lb be added, the mixture will contain 36.5 + 
56 = 92.5 grains per lb. Locate this quantity on the right-hand 
scale and then project downward to the left to the intersection 
with the 80 F dry-bulb temperature line. From this intersection 
project vertically downward where total heat for the new condi- 
tion is read as 33.3 Btu per lb. Thus, with the dry bulb re- 
maining constant, the total heat increased from 24.8 to 33.3 Btu 
per lb, or 8.5 Btu with an increase in moisture content of 56 
grains per lb. 


| 
| 
| 
| 
| 
| 
v v 

5° 70°(W.B) 

Fig. 2 
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Example 4. Fig. 4 shows the solution of the problem in 
which is given air cooled from 80 F dry-bulb temperature and 
65 F wet-bulb temperature (about 45 per cent relative humidity) 
to 60 F dry-bulb temperature and 55 F wet-bulb temper. ‘ure 
(72.5 per cent relative humidity), to find the latent heat and 
sensible heat extracted in cooling. 

This example demonstrates a graphical solution that cannot 
be made directly on any other psychrometric chart. Locate 
the two points representing the conditions of the air at the two 
sets of dry-bulb and wet-bulb temperatures. Project vertically 
downward and read the total heat for the two points as 29.6 and 
23.0 Btu per lb of air. Connect the two points by a straight 
line. Draw a line parallel to this line through the heat-ratio- 
reference center to the curved scale marked, ratio of sensible to 
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total-heat lines, and read the ratio as 0.735. The total heat 
extracted is 29.6 — 23.0 = 6.6; then 6.6 X 0.735 = 4.85 Btu per 
lb, sensible heat, and 6.6 — 4.85 = 1.75 Btu per lb, latent heat. 

The sensible-heat value may be checked by multiplying the 
dry-bulb-temperature difference by the heat required to raise 
the temperature of 1 Ib of air 1 deg which is 0.2416. This caleu- 
lation gives 20 X 0.2416 = 4.83 Btu per lb of sensible heat and 
checks the value from the chart very closely. 

Ezample §. In Fig. 5 is shown a graphic solution of an air- 


conditioning problem in which it has been assumed that a by- 
pass system, using a washer, will be installed. 

The outside air is assumed at 95 F dry-bulb and 78 F wet-bulb 
temperatures, and an allowance of 848 cfm or 59.1 Ib per min of 
outside air for ventilation purposes has been assumed. The 
desired room condition is 80 F dry-bulb temperature and 50 per 
cent relative humidity. It is also assumed that a heat estimate 
has been made and it has been found that the heat load, exclu- 
sive of the ventilation air which passes first through the washer, 
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but inclusive of any infiltration, is 72,000 Btu per hr of sensible 
heat and 100,000 Btu per hr of total heat, giving a ratio of 0.72. 

The heat estimate must be broken down as already outlined 
because we are interested in the quantity of sensible and total 
heat liberated in the conditioned space. This heat must be 
disposed of, or carried out, by the conditioned-air supply, which 
supply must be raised from its condition at the outlets to the 
desired room condition by picking up this heat. 

The surplus heat above delivery condition in the air for ventila- 
tion, which passes first through the washer, is removed in the 
washer, and thereafter it becomes simply a vehicle for the re- 
moval of room heat along with the reconditioned recirculated air. 
It is also assumed that the desired difference between room and 
supply air is 10deg. The problem is solved as follows: 

Find point B, on the scale, ratio of sensible to total-heat 
lines, corresponding to the ratio of 0.72. Through B and the 
heat-ratio-reference center A, draw a straight line AB. Find the 
desired room condition at D, representing 80 F dry-bulb tem- 
perature and 50 per cent relative humidity. Through point D 
draw a straight line CD, parallel with AB and intersecting the 
saturation curve. In accordance with Theorem 1, this line 
CD will be the locus of all possible delivery airs which will give 
the desired room condition, since the delivery air must pick up 


= = 0.72 to finally reach this desired 


heat in the ratio 


room condition, and therefore the point G at 70 F dry-bulb tem- 
perature will be the desired quality of the delivery air. This 
delivery air may be obtained by mixing room air at condition D 
and saturated air at condition C in the proper proportion, which 
will be 10 parts of saturated air at condition C to 18 parts of room 
air at condition D, since the heat lost by the air at condition D 
equals 10 deg drop times the quantity of air at condition D in 
pounds of dry air per unit of time, multiplied by the specific heat 
of 1 Ib of dry air, and this in turn will equal the heat gained by the 
air at condition C, which equals 18 deg rise times the quantity of 
air at condition C in pounds of dry air per unit of time, multi- 
plied by the specific heat of 1 Ib of dry air. Eliminating common 
factors and transposing, it may be expressed as: The quantity of 
air at condition C is to the quantity of air at condition D as 10 is 
to 18 or as DG is to CG. 

Since all of the refrigeration is applied to the saturated air, 
which must have sufficient capacity to remove 72,000 Btu per hr 
of sensible heat, this value divided by the temperature rise of 
28 deg of the saturated air to 80 F, by the specific heat of a 
pound of air (0.2416) and by 60 min, will give 177.4 lb per min of 
air saturated at 52 F as required. 

It is also possible to figure the delivery air at 70 F in the same 
manner by dividing 72,000 Btu per hr by 10 deg temperature 
difference by specific heat of a pound of air (0.2416) and by 60 
min to obtain 496.7 lb of delivery air per min. Then 496.7 — 
177.4 = 319.3 lb per min of room air through the bypass to give 
177.4 10 
319.318 
By Theorem 2, the condition of the air to the washer may be 


the desired mixture, and the ratio 


obtained by drawing a straight line through the point D, repre- - 


senting the room condition, and point F, representing the outside- 
air condition of 95 F dry-bulb and 78 F wet-bulb temperatures. 
Under the terms of the problem, there must be 59.1 lb per min of 
outside air, and the air through the washer is 177.4 lb as already 
stated. Then 177.4 lb — 59.1 lb = 118.3 lb of return or room air 
which must mix with the outside air to pass through the washer. 
Since the temperature difference between D and F is 15 deg and 


59.1 1 
the ratio of outside air to return air is 118.3 = 2 EF must be 


twice the distance DE, and the point E falls on the 85 deg dry- 
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bulb line. This is another way of stating the relationship from 
that given on the graphic-solution diagram, but it will be clear 


EF 118.3 2 
118.3 = EF X 177.4; or — = —— = .--, whi 
that DF X 118.3 ; xX 177.4 or OF 177.4 3” Which 
is to say, EF equals - of 15 deg or 10 deg. 


3 

All of the results given have been expressed in pounds per 
minute of dry air, the vapor present being additional. Reference 
to the diagram will indicate the method of converting all of these 
quantities into cubic feet per minute. For instance, at the point 
F, a pound of dry air plus the vapor present will occupy 14.35 cu 
ft and 14.35 X 59.1 lb = 848 cfm. 

In the same manner, the cubic feet per pound for point EZ was 
determined to be 14.01; for point D, 13.84; for point G, 13.57 and 
for point C, 13.08. 
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It will be seen that the mixtures check out on the cubic feet 
per minute basis, as 848 cfm of outside air mixed with 1637 cfm 
of room or return air will total 2485 cfm of air to the washer, and 
4419 cfm of room air mixed with 2321 cfm of washer air will 
result in a mixture of 6740 cu ft of delivery air. 

The refrigeration required may be figured by projecting point 
E, which represents the air to the washer, to the Btu scale at the 
bottom of the chart, and obtaining 34.2 Btu per lb; also project 
point C, which is the saturated air, to the Btu scale, and read 21.3 
Btu per lb; which is to say that each pound will have 12.9 Btu 
removed from it in passing through the washer. Since 177.4 lb 
per min of air at condition C passes through the washer and from 
each pound we remove 12.9 Btu, the total refrigerating load will 
be 11.44 tons. 

It is, of course, obvious that this problem has been worked out 
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in far greater detail than is usually required. This was done to 
illustrate the complete information which can be obtained from a 
graphic solution. 

Example 6. In Fig. 6 is shown the graphic solution of a 
problem in detecting air leakage. 

The fact that the point on the psychrograph representing a 
mixture of two different samples of air will fall on a straight line 
joining the points representing the air samples and the fact that 
the dry-bulb temperature difference, between the mixture and 
the original samples, determines the proportion of the mixture, 
have been made use of in the solution of this problem. 

The small drawing in the upper right corner indicates the 
original data. A duct drawing air from chamber A in which the 
condition is dry-bulb temperature 75 F, wet-bulb temperature 
63 F, passes through chamber B, in which the condition is 87 F 
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dry-bulb temperature, 74 F wet-bulb temperature, and through 
chamber C, in which the condition is 100 F dry-bulb temperature 
and 77 F wet-bulb temperature. Assuming perfect insulation, 
the delivery air at point D should be 75 F dry-bulb temperature 
and 63 F wet-bulb temperature, or the same as at A. Actually, 
the condition at point D is 82 F dry-bulb temperature and 68 F 
wet-bulb temperature and the anemometer reading at this point 
gives 13,900 cfm, which is equal to 1000 Ib per min of dry air plus 
vapor present. 

The problem is to find the leakage into the duct in compart- 
ments B and C. It will be obvious that this leakage must be a 
mixture of air at condition C and air at condition B and must 
therefore fall on the straight line BC; and that this mixture must 
combine with air at condition A to give the condition at D. 
Since the condition at D is known and has been plotted on the 
chart, the straight line passing through A and D, prolonged to cut 
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line BC at E, will fix the leakage mixture. Since there are 1000 
lb of air per min being delivered at D, the amount of air drawn in 


D 12 
at A must be equal to 7 xX 1000 = Ip X 1000 = 632 Ib per 


min. Hence the quantity of leakage at condition EZ must be 368 
lb per min or 1000 lb less 632 lb, and the quantity of air at condi- 
tion B plus the quantity of air at condition C, must equal 368 Ib 
per min, divided in the ratio C = 7/13 X 368 = 198 lb per min 
and B = 6/13 X 368 = 170 lb per min. The quantities ex- 
pressed in pounds per minute may be converted into cubic feet 
per minute by the use of the scale of cubic feet per pound of dry 
air and vapor present, which will give the following readings: 
Point D, 13.9 cu ft per lb; point A, 13.68 cu ft per lb; point Z, 
14.28 cu ft per lb; point C, 14.43 cu ft per lb; point B, 14.10 cu ft 
per lb. 
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Multiplying out the respective quantities expressed in pounds, 
gives 13,900 cfm at point D; 8645 cfm at point A; 5255 cfm at 
point EZ; and A + E = 13,900 cfm. Also 2857 cfm at point C; 
2397 cfm at point B; andC + B = 5254 cfm. 

It will also be noted that the same answers might have been 
obtained graphically had we used any other combination of the 
mixtures. In other words the line AB might have been drawn 
representing the mixtures of airs at conditions A and B and the 
line DC prolonged to cut AB at E’, or a line AC might have been 
drawn and the line DB prolonged to cut AC at E”. In any case 
the calculated results would be identical. 

For the purpose of this problem, we have assumed that there 
will be no transmission of heat through the duct walls other than 
by air leakage. However, any transmission of sensible heat 
through the duct walls can be calculated and reduced to a tem- 
perature rise for the air flowing through the duct expressed in 
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degrees of dry-bulb temperature. Let us assume that the air 
leaving the fan has a condition D’ and has picked up 1 deg due to 
temperature head across duct walls. We may follow the line of 
constant moisture content from D’ for 1 deg F dry bulb to point 
D and this point may be used for the solution of the problem just 
as it has been used in the problem as given. 

It is the belief of the author that a great deal of information 
concerning air flows can be obtained by the intelligent use of wet- 
and dry-bulb thermometers. 

Example 7. In this problem, which is graphically solved in 
Figs. 7 to 9, it is desired to select a standard washer and to main- 
tain a constant relative humidity of 60 per cent in the room. 

The heat estimate has revealed the following data: Sensible 
heat due to temperature difference 7 between the outside and 
room temperatures is 150 Btu per min per deg difference; sensible 
heat from lights, power, and people (a constant) is 400 Btu per 
min; latent heat is approximately 300 Btu per min (exact deter- 
mination may depend on final obtainable room condition, which 
is not known at this stage of the problem; maximum observed 
temperature outside is 105 F; minimum outside relative humi- 
dity is 30 per cent; no return air is in circulation. 

There are standard washers available in sizes of 2000 cfm, 
5000 efm, 7500 cfm, and 10,000 cfm. The washers are equipped 
with bypass of air around spray chamber and are guaranteed to 
have capacity to bring the leaving air to within 1 deg of the spray 
temperature. 

It is desired (1) to select a standard washer which will main- 
tain a constant relative humidity of 60 per cent in the room; (2) 
having selected the washer, to determine the room temperature 
when the outside air is 80 F dry bulb and 67 F wet bulb, the rela- 
tive humidity in the room to be maintained at 60 per cent; (3) to 
determine the proportion of outside air at 80 F dry bulb and 67 F 
wet bulb which must be mixed with washed air to maintain 60 per 
cent relative humidity inthe room. Tosolve: 

(1) To determine the spray temperature for maximum conditions, 
plot 105 F dry bulb and 30 per cent relative humidity at A and 
read approximately 78 F wet bulb which will be the temperature 
which the spray will assume. The washer guarantee then fixes 
the leaving-air condition at B, with a dry-bulb temperature of 
79 F and a wet-bulb temperature of 78 F. Since the air has 
neither gained nor lost total heat in passing through the spray 
the wet bulb must remain censtant at 78 F. 

Let the temperature rise of the circulated air, from condition B 
to the room temperature, equal 7’. 

Then 7 (the temperature difference between outside and 
room) + 7” (the temperature rise from condition B to room 
temperature) must equal 105 deg (the outside temperature) minus 
79 deg (the temperature at condition B), or 26 deg. 


T+T' =2% .T' =2%—T 
The sensible-heat input to the room will be 150 T + 400. 
The trial of the 5000-cfm washer is made in Fig. 7. 
5000 
5000-cfm washer will deliver 14.03 

Then 150 T + 400 = T’ X 356 X specific heat of air, as sensi- 
ble-heat input, must equal the heat picked up by the circulated 
air. Therefore, if the 5000-cfm washer is selected, 150 7’ + 400 
= (26— 7) 356 X 0.2416, or T = 7.8 deg. 

Plot C, 105 — T = 97.2 F on the 60 per cent relative-humidity 
line and draw BC which is parallel with the 0.64 heat-ratio line. 

It will be seen that the 5000-cfm unit will not have sufficient 
humidifying capacity, since from the problem data for the room at 
97.2 F dry-bulb temperature, sensible heat = 150 7 + 400 = 1570 
Btu per min, latent heat = 300 Btu per min, and total heat = 


1570 
= —— = 0.84 
Then NV 1870 


The 


= 356 lb of air per min. 


1870 Btu per min. 
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Draw N = 0.84 through B to C’ at 97.2 F dry bulb and read 56 
per cent relative humidity. Therefore try the next larger size 
washer. 


The trial of the 7500-cfm washer is made in Fig. 8. Locate 
A and Bas in Fig. 7. 


As the 7500-cfm washer will deliver an 


= 534 lb of air 


per min, then 


150 T + 400 = (26 — T) 534 X 0.2416, or 
T = 10.6deg 


Plot D, 105 — T = 94.4 F dry bulb, on the 60 per cent relative- 
humidity line and draw BD. 
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In this case, sensible heat = 150 7 + 400 = 1990 Btu per min, 
latent heat = 300 Btu per min, and total heat = 2290 Btu per 


min. Then N = so = 0.87. Therefore, draw the heat- 


ratio line N = 0.87 through B to D’ to show that the 7500-cfm 
unit will have capacity to humidify to 60.5 per cent relative 
humidity. 

Use of the bypass to mix the dry outside air with the practi- 
cally saturated washer air will maintain the desired condition of 
60 per cent at a room temperature between 94 F and 95 F and 
the 7500-cfm unit will be the correct selection, if the room condi- 
tion obtained does not result in a material change in the latent- 
heat load from the assumed value of 300 Btu per min. 

An increase in the latent-heat-load calculation for the final 
room condition will have the effect of reducing the value of N, 
swinging D’ in a clockwise direction, which will only result in the 
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use of a greater amount of dry bypass air to maintain the desired 
room humidity. 

It is, therefore, necessary only to recheck the work when the 
latent-heat load is materially decreased as a result of a preliminary 
determination of the room condition. 

(2) To determine the room temperature as shown in Fig. 9 when 
the outside air is at 80 F dry-bulb and 67 F wet-bulb tempera- 
tures with the 7500-cfm unit operated to maintain 60 per cent 
relative humidity in the room, locate point M representing the 
outside-air condition at 80 F dry bulb and 67 F wet bulb, the 
point S representing the condition of the air leaving the spray 
chamber at 68 F dry bulb and 67 F wet bulb and solve the equa- 
tions 

T+T’ =12..T' =12—T 
150 T + 400 = T’ X 536 X 0.2416 
Substituting, 150 T + 400 = (12 — T) 129, or 
T = 4.1 deg 


Then, sensible heat = 150 T + 400 = 1015 Btu per min, 
latent heat = 300 Btu per min, and total heat = 1315 Btu per 
min. Then 


Draw the heat-ratio line N = 0.77 through point S to cross the 
80 — T = 80 — 4.1 = 759 F dry-bulb line at O’. This repre- 
sents the approximate condition obtainable if all the air passes 
through the spray chamber. 

Now, assuming that one-half of the circulated air passes 
through the spray chamber, the mixed air leaving the washer dis- 
charge will have the condition P or 74 F dry bulb and 67 F wet 
bulb. Then 

T+T'=6-.T' =6—T 
150 T + 400 = (6— T) X 129, or 
T = 1.3 deg 


In this case, sensible heat = 150 T + 400 = 595 Btu per min, 
latent heat = 300 Btu per min, and total heat = 895 Btu per min. 
Then 


595 
N =—=0. 
895 


Proceed as above to plot point O”, which represents the approxi- 
mate condition obtainable if half the air passes through the 
spray chamber. Since 0” is close to the 60 per cent relative- 
humidity line, we may disregard a possible curvature in the line 
0’O” which will represent the conditions obtained by successive 
proportions of a mixture of washed air and room air, from all 
washed air to half washed air and half room air, and we may ex- 
tend the straight line O’O” to cut the 60 per cent relative-humid- 
ity line at O at a dry-bulb temperature of 79.2 F. 

Hence at 60 per cent relative humidity 7 = 0.8 deg and we may 
solve for the difference t between the outside temperature and 
the temperature of the mixed air leaving the washer to produce a 
room condition of 79.2 F dry bulb, 60 per cent relative humidity 
as follows: 

150 T + 400 = (¢— T) X 129 


Substituting T = 0.8 
150 X 0.8 + 400 = (¢ — 0.8) 129, or 
t = 4.8 deg 
Under this room condition, sensible heat = 0.8 X 150 + 400 = 
520 Btu per min, latent heat = 300 Btu per min, and total heat = 
820 Btu permin. Then, N = = = 0.63. 


It will be seen that these results check as the mixed air leaving 
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the washer will have a condition at R of 80 —t = 80 — 4.8 = 
75.2 F dry bulb and 67 F wet bulb, and the heat-ratio line, N = 
0.63, drawn through the point R, will pass through point O. 
(3) It will also be seen from the diagram that: 
z lb of outside air at condition M will cool through 4.8 deg in 
heating y lb of spray-chamber air at condition S through 7.2 deg. 
spray-chamber air 4.8 2 


outside air 7.2 3° 


2 
5 of the total air delivered is spray-chamber air = 213.6 lb per min 


Hence the ratio, by weight, 


and : of the total air delivered is outside air = 320.4 lb per min 


making the total air delivered 534 lb per min. 
These values expressed in pounds of dry air per minute may 


PROBLEM 4. 
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be converted to cubic feet per minute by multiplying each by its 
corresponding cubic feet per pound of dry air as taken from the 
chart. 

213.6 X 13.60 = 4434 cfm 

320.4 X 13.84 = 2905 cfm 

534 X 13.74 = 7337 cfm 


In this problem we have assumed the fan delivery as constant 
in pounds per minute in order to use similar appearing equations. 
Of course, corrections can be made from actual fan data for 


. varying conditions of intake, but the method of solution remains 


unchanged. 

Ezample 8. In this problem, which is plotted in Fig. 10, it 
is desired to determine design conditions in an air-washer installa- 
tion to maintain constant relative humidity. It is assumed: 
(1) that no refrigeration is available; (2) that the washer water 
is recirculated hence the washer water must acquire the tempera- 
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ture of the wet-bulb of the air passing through the washer; 
(3) that no room air is recirculated, all the air from the washer 
being taken from outside; (4) that it is desired to maintain a 
constant relative humidity and the lowest room temperature 
which is consistent with the maintenance of this relative humidity; 
and, (5) that the control mechanism will start and stop the 
sprays. 

The plant should be designed to take care of some maximum 
outside condition of dry-bulb temperature and minimum outside 
relative humidity. 

It should be kept in mind that the spray can neither add nor 
subtract any heat to or from the air which passes through it, as 
long as this air remains at a constant wet-bulb temperature. 
The spray will, however, change some of the sensible heat in the 
air to latent heat. 

In the diagram, it is assumed that the plant has been designed 
to meet a condition of 105 F dry bulb and 30 per cent relative 
humidity outside, that the desired room relative humidity is 60 
per cent and that the unit selected is just sufficient in capacity to 
humidify to 60 per cent when all of the air is washed. Reference 
to the preceding example, illustrating the selection of a washer, 
will show that this is a special case, as usually the washer will 
have some excess capacity for humidification, to be corrected by 
bypassing or closing the spray-water valve. The special case is 
chosen because it represents the minimum washer which will 
meet the outside conditions specified. 

The method of determining the room temperature and the 
slope of the heat-ratio or N line has been fully explained in the 
preceding example and it is assumed that in this case the result- 
ing room temperature is 95.5 F and that N = 0.8. This as- 
sumed relationship is indicated by A B C, where A represents the 
outside condition, 105 F dry bulb, 30 per cent relative humidity, 
AB represents the outside wet-bulb temperature and conse- 
quently the spray temperature, B represents the condition of 
the air leaving the washer, BC represents the 0.8 heat-ratio line, 
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and C represents the resulting room condition at 95.5 F dry bulb 
and 60 per cent relative humidity. 

It may be demonstrated that this installation will be adequate 
for any other probable condition inside the limits given as follows: 

Now assume an outside condition of 85 F dry bulb and 30 per 
cent relative humidity. Construct a new figure A;, B; and C), in 
which B,C, is the heat-ratio line 0.8. It will be seen that this 
will result in a temperature difference between outside and inside 
of only 4 deg or less than in the basic case. This reduced tem- 
perature difference will result in a decrease in the sensible-heat 
load and consequently in a decrease in the heat ratio with a 
consequent rotation of the heat-ratio line in a clockwise direc- 
tion around B, and in a decrease in the temperature rise of the air 
to absorb the sensible heat. Let the new heat-ratio line be 
B,C;’. It will be seen at once that under these outside conditions 
the apparatus will now have surplus capacity for humidification 
and that the sprays may be shut off for part of the time. 

There is also shown on the chart a diagram A,B,C; for an out- 
side condition of 65 F and 30 per cent relative humidity and one 
A;B;C; for 105 F and 36 per cent relative humidity. Again, in 
each case the sensible-heat load is reduced below that in the basic 
case and, therefore, in each of these cases the N lines or heat- 
ratio lines B,C, and B;C; will be swung in a clockwise direction 
and shortened by a reduction in the sensible-heat pickup This 
reduction must be handled by the fixed quantity of circulated air, 
and, therefore, in each case the sprays will be on and off and the 
washer will have excess capacity. 

These examples show (a), that a reduction in dry-bulb tem- 
perature, with constant relative humidity, results in a decrease 
in required capacity; and (6), that an increase in relative 
humidity with constant dry-bulb temperature, results in a de- 
crease in required capacity. They prove the correctness of the 
original statement that the plant should be designed to take care 
of some maximum condition of outside dry-bulb temperature 
and minimum outside relative humidity. 
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Discussion 


A Mathematical Solution of the 
Rotor-Balancing Problem' 


E. L. THearue.? In general, a balancing weight placed on 
any one end of a rotor affects the vibration of both pedestals. 
When balancing some very long rotors, however, it may be con- 
venient to assume that the vibration of any one pedestal is in- 
fluenced only by balance weights placed in the nearest correction 
plane. The author of the paper under discussion is to be con- 
gratulated on his solution of the problem as it exists for such 
cases where the end of a machine may be treated independently, 
and when vibration phase angles cannot be conveniently mea- 
sured. 


Fie. 2 


Fic. 3 


A simple solution of the problem by a somewhat different 
nethod is herewith presented. The rotor is run, without a trial 
weight, and the vibration amplitude is measured. The ampli- 
tude is represented by the vector OA in Fig. 1, which is drawn in 
any direction with a length proportional to the measured ampli- 
tude. A trial weight on any known amount is placed on the 
rotor in any position b, Fig. 2. The rotor is again run and the 


1 Published as paper APM-56-14, by Jacob Bromberg, in the Oc- 
tober, 1934, issue of the A.S.M.E. Transactions. 

2? General Electric Company, Schenectady, N. Y. 
A.S.M.E. 


Assoc-Mem. 


vibration amplitude is measured. The circle 2, Fig. 1, is drawn 
with its center at O, and with a radius proportional to this 
second amplitude reading. The same trial weight is then shifted, 
say 90 deg, in a counter-clockwise direction, to the new position c. 
After the third run amplitude is measured, the circle 3 is drawn 
with a center at O, and a radius proportional to this third ampli- 
tude. 

The vectors AB and AC, representing the effects of the trial 
weight in positions b and c, respectively, must be 90 deg apart in 
the same respect as the trial-weight positions, equal in length, 
and must terminate on the circles 2 and 3, respectively. Their 
correct positions are readily determined by swinging a ruled 
template, such as shown in Fig. 3, about the point A in Fig. 1 
until its edges intersect the two circles at points equidistant 
from A. 

Then the effect of the trial weight, in position b, for instance, 
is the vector AB. It is obvious from Fig. 2 that if this trial 
weight is shifted in a clockwise direction, from position b, 
through the angle @, and the amount of the weight is multiplied 
by the ratio OA/AB, its effect will be equal and opposite to the 
original vibration OA, which will, therefore, be annulled. 

Of course, the angle through which the trial weights are shifted ® 
need not be 90 deg but may be any convenient angle, with the 
template made accordingly. 

This method has the important practical advantage that all 
construction may be kept within the bounds of a single sheet of 
paper while, when several measured amplitudes are almost 
equal, the method presented in the paper herein being discussed 
may involve striking ares with very long radii. 

The two possible solutions mentioned by the author are made 
apparent by this method, as shown by vectors e and f, Fig. 1. 
Possibly the quickest way of determining which solution is 
correct is to try the easier one. 


Tanpy A. Bryson.’ In discussing Mr. Bromberg’s paper, it 
is suggested that there may be many occasions when it is in- 
convenient to use a drawing board for the graphical solution, in 
which case definite mathematical formulas are of value. 

In Fig. 4 let eU be the vec- 


tor which represents the am- eA 

plitude of vibration caused a we, 
by the unknown unbalance U 
located at the unknown angle Pd Yew, 

¢ from an arbitrary reference eU 
line O-X which may be bas 
marked on the rotor. In \ 

this term eU, U represents 0 X 
the mass of unbalance in Fic. 4 


ounces, pounds, etec., which 

is located at some assumed radius r from the axis of rotation; 
while e is a composite factor to convert the term into an expres- 
sion of unbalance in units of amplitude of vibration. The 
factor e, therefore, embraces consideration of the radius of the 
unbalanced mass, the necessary conversion factors, and the 
stiffness of the rotor supports. For any particular test set-up 
this factor is a constant because it may be assumed that all 


’ Consulting Engineer, American Tool and Machine Company, 
Boston, Mass. Mem. A.S.M.E. 
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test weights are placed at the same radius and that the rotor 
supports are not stressed beyond the range of Hooke’s law of 
proportionality. 

In like manner, eWa represents the amplitude which would be 
caused by the test weight W, placed on an otherwise balanced 
rotor at the radius r and at the known angle a from the line of 
reference. Obviously, eW, may not be measured by test since 
it is blanketed by the effect of the unbalance. However, it is 
possible to measure the length of eA, the resultant of eU and eW,, 
thus obtaining one element of the data from which U and ¢ may 
be computed. 

Writing the equation for eA 


eA? = eU? + eW%a + 2c?UWa cos(y — a) 
= eU? + eW%a + 2e?UWa (cos a cos ¢+ sin asin ¢) 


Since this equation contains three unknowns, U, e, and g, it is 
necessary to apply three separate test weights, We, Wo, and We, at 
the constant radius r (or to make suitable correction if the radial 
location change) and at known angles, a, 8, and i, from the refer- 
ence line and to measure the amplitudes eA, eB and eC caused by 
each in cooperation with the unbalance. Using equal test 
weights at the three different positions and solving the equations, 
there results 


(eA? — eC?) (cos a— cos 6) — (eA? — eB*)(cos a — cos A) 
(eA?— eB?) (sin a — sin 4) — (eA? — eC*)(sin a — sin 8) 


tan ¢ = 


Letting 
x = (cos a — cos A)cos gy — (sin a — sin \)sin ¢ 
y = cosacos¢ + sinasing 


Solve for U 
(eA? — eC*)y — 
U2? + 2WU W 
= — 
2WUz 


While these formulas appear somewhat forbidding, their evalua- 
tion is actually quite simple if the test data and the values of 
the trigonometric functions are placed in orderly tabulation 
such as is shown in Table 1. The use of the listed data will be 
made clear by application to the author’s first problem, wherein 
equal test weights of 23 oz were used. 


TABLE 1 TABULATION OF DATA 
Wa = Wo = We = W = 23 on; W? = 529__ 


eA = 30% eB= 21 c= 19 

eA? = 900 eB? = 441 eC? = 361 
a= 25.71 B = 64.29 A = 102.84 
cosa = 0.901 cosB= 0.434 cos = —0.222 
sina = 0.434 sing= 0.901 sink = 0.974 


eA? — eC? = 539 
cosa —cosd = 1.123 
sina—sinfB = —0.467 


cA? — eB? = 459 
cosa —cosB = 0.467 
sina—sink = —0.540 


* Unit of measurement = 0.0001 in. 
Substituting in Equation [1], the values listed in Table 1 


af 539(0.467) — 459(1.123) 
459(—0.540) — 539(—0.467) 


The negative sign indicates that the unbalance is located in 
either the second or fourth quadrants. Since the test weight 
W.(Sc) in the second quadrant caused a reduction in amplitude, 
it acted opposite to the unbalance which, in consequence, is in 
the fourth quadrant. Accordingly, ¢ = 270.36 deg, cos g = 
0.0132, and sin ¢ = —0.9999. Therefore 


tan ¢ = —75.6 
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x = 1.123(0.0132) — 0.540(0.9999) = 0.555 
y = 0.901(0.0132) — 0.434(0.9999) = —0.422 


539(—0.422) — 900(0.555) 
539 


U?— 61.8U = —529 
U_ = 51.57 oz (or 10.23 oz) 


= __ 539 
46(51.57)0.555 


e = 0.640 
eU = 0.640(51.57) = 33.0 


The test of the rotor without trial weights showed eU = 29, 
which, when compared with the computed amplitude of 33, 
serves as a measure of the test and computation accuracy. (It 
should be said here that the above are slide-rule computations.) 
The comparison also indicates that U = 51.57, rather than 10.23; 
although proof of this fact may also be obtained by inserting 
the computed values in the original equation for eA?. 

The above method may be used for any three locations of the 
trial weights. However, it is desirable and usually possible to 
locate the trial weights in such manner as to simplify the compu- 
tations to a large degree. By making a = 0, 8 = 90,and \ = 
180, the formulas reduce to 


U? + 46U 


—529 


= 0.410 


(eA? — eB?) (eA? + eC?) 
(ed? — eC?) 
= —W2 
eA? — eC? 
4WU cos ¢ 


Tuomas C. Ratupone.‘ The author describes his method for 
determining the amount and location of the balance correction at 
one end of the rotor as applicable to the test results obtained on 
the conventional dynamic-balancing machine and proposes it as 
an improvement over the mechanical solution devised by Prof. 
G. B. Karelitz. Professor Karelitz actually devised his system 
for use on turbine generators under operating conditions in the 
field, as well as on test machines, and the writer, being associated 
with Professor Karelitz during these early attempts at field bal- 
ancing, can vouch for the successful application of his method on 
a number of installations. In the writer’s opinion, the semi- 
automatic graphical method may be more readily used for averag- 
ing the data by the man in the field. 

The balancing method described by the author is based on vi- 
bration amplitudes alone. Actually, vibration is characterized 
by its phase relation to the disturbing force, as well as by its 
amplitude, and is of equal importance, otherwise, no vector solu- 
tion would be tenable. During the earlier investigations of field 
balancing, the writer devised a method for solving the problem 
by means of the phase relation alone, which required but two 
trial runs with known test weights. The method will be found 
satisfactory by using the so-called scribed high-spot with the rotor 
in a dynamic-balancing machine, performing the scribing at 20 to 
30 per cent above the critical speed. Shaft scribings to determine 
phase relations on a rotor under actual operating conditions in 
the field were found to be so erratic and unreliable that special 
apparatus to determine the phase of vibration by stroboscopic 
means were fesorted to. 

Fig. 5 of this discussion represents the end of the rotor under 
consideration and the vibration vectors involved. Before any 


4 Chief Engineer, turbine division, Fidelity & Casualty Company 
of New York, N. Y. Mem. A.S.M.E. 
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trials are made, the phase relation between the upper extremity 
of the vertical component of vibration for example, and some 
data on the rotor are determined. This direction is represented 
by OA. (In the case where the test is made in the dynamic- 
balancing machine, OA represents the seribed high-spot location.) 
OA represents the directional characteristic of the initial unknown 
unbalance. The length of this vector, representing quantity, is 


Pp’ 


i J 


Fic. 5 Mersovjor UNBALANCE BY PHASE 
RELATION OF VIBRATION TO RoToR 


to be determined, as well as the lag angle between this vector and 
the causative force. 

A known test weight is then inserted at any position, such as 
P, and a trial run made to determine the new phase position re- 
sulting from the combination of the known force and the unknown 
unbalance. Let OB represent the new high spot or phase posi- 
tion. Next, the known weight is removed from P and inserted 
at Q, 180 deg from P, and the second trial run made, resulting 
in a phase shift defined by OC. 

The vectors representing the two trial weights are equal and 
opposite. The solution is quite simply obtained by means of a 
scale or straight edge divided into two equal parts with points, 
O', P’ and Q’ as illustrated in Fig. 5, representing the known 
weights. By holding the point O’ on the line OA, the scale is 
maneuvered until a position is found where P’ falls on OB and Q’ 
falls on OC. There is only one position possible. 

The amount of initial unbalance is determined directly by the 
relation of the length OO’, representing this unbalance, to the 
scale length O’P’ or O’Q’ representing the known test weight. 

The location of the initial unbalance is determined by the lag 
angle, which is found by comparing the actual direction of one of 
the test weights, as OP, with its resultant vector direction, O’P’. 
This angle POP”’, laid off ahead of OO’, locates the unbalance at 
OX, and the problem is solved. 

It should be mentioned that neither the method based on ampli- 
tudes alone, or on phase relation alone, reduces the problem to its 
ultimate simplicity. By utilizing both the amplitude and phase 
data, the amount and location of the unknown unbalance at one 
end can be determined by a single trial run. The writer has 
used this method with success on the dynamic-balancing machine, 
and has utilized this principle in determining the amount and lo- 
cation of the correction at both ends of the rotor simultaneously, 
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where each bearing is influenced by forces emanating from the 
other bearings. 


James J. Ryan.° The solution of the rotor-balancing problem 
as given by the author appears to be both unique and fundamen- 
tal. Considering one end of a rotor, mounted in a Lawaczek- 
Heyman balancing machine, with the other end fixed at the bear- 
ing, and applying the mathematical solution as given, the correct 
weights may be determined. However, it is not necessarily true 
that, with the rotor out of the balancing apparatus and in its own 
more or less flexible bearings and pedestals, the theoretical bal- 
ancing procedure as given is fundamentally correct. Any sys- 
tem of field balancing (balancing a rotor in its own pedestals) is 
subject to considerable error unless the static forces and the dy- 
namic moments are each taken into account by balancing on 
both ends of the rotor simultaneously. Such a procedure would 
consist in placing identical weights at the same angular positions 
on each end of the rotor, and, if an accurate solution is required 
regardless of the analytical effort necessary, the same weights 
should be placed at 180 deg removed from one another for addi- 
tional trial runs. The data obtained are compiled and analyzed® 
in some such a manner as described by the author, and several 
machines have been successfully balanced by the method re- 
ferred to. 

A method that should be used more often in engineering work 
has received very little attention in the writings of vibration en- 
gineers. Its origination has been lost in antiquity, although it 
is the fundamental of fundamentals, and its simplicity makes it 
available for use to every one. It may be termed the “‘sine curve 
of unbalance.” If a weight is added to the balance plane of a rotor 
at various positions around the periphery of the balance ring, the 
resulting amplitudes of vibration for that end of the rotor when 
plotted against the weight position will approximate the locus of 
a sine curve. The trough of the sine curve will indicate the po- 
sition for balance. The inverse ratio of the amplitude of the 
sine curve to the mean ordinate of the sine curve multiplied by 
the weight of the unbalance weight used in the trials will give the 
approximate weight to be added at the indicated position for 
balance. This is the simplest method of balancing on record, 
and is more accurate than most because of its simplicity. Since, 
any three points plotted as coordinates determine a sine curve 
(as for a circle), only three trial runs are necessary to obtain the 
required data. It is preferable to place the trial weights at 90- 
deg positions for ease in off-hand sketching of the sine curve. 

Using this method of procedure on the data as set forth by the 
author in the first example, Fig. 6 of this discussion is obtained, 
wherein the approximate location of the balancing position is be- 
tween balance plug holes 27 and 28, and the amount of unbalance 
is calculated to be 49.50z. Professor Karelitz, in his paper’ from 
which the example was taken, obtained the same balance loca- 
tion, and gives the exact amount of unbalance to be 56 oz. 

As stated above, balancing on one end of a rotor is unreliable 
in many cases, especially where a dynamic unbalance couple ex- 
ists. Thus the procedure is to place identical weights at the same 
position on each end of the rotor, shifting the weights 90 deg for 
the three trial runs, and measuring the amplitudes of motion of 
the two pedestals for each trial. The two sine curves obtained, 
sketched on the same graph, will establish the balancing condi- 
tion for the rotor in most cases. 


5 Assistant Professor, Machine Design, Mechanical Engineering 
Department, University of Minnesota, Minneapolis. 

6 ‘*Field Balancing of Rotors,’ by James J. Ryan, The Electric 
Journal, December, 1928, vol. XXV, no. 12, pp. 596-604. 

7 “Field Balancing Rotors at Operating Speed,”’ by G. B. Karelitz, 
Power, Feb. 7 and 14, 1928. 
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Fig. 7 of this discussion represents the sine curves of unbalance 
for a large rotor considerably out of balance with respect to the 
dynamic couple and indicates the effectiveness of this method of 
balancing. The data in Table 2 were taken from trial runs on 
the machine. 
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Fig. 6 THe LOCATION OF THE BALANCING PosITION 
AS ASCERTAINED FROM THE DaTa IN THE AUTHOR'S First EXAMPLE, 
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Fic. 7 Tue Sing Curves oF UNBALANCE FOR A LARGE ROTOR 
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The curves obtained indicate balance weights of 97 ounces dis- 
tributed at balance plug holes 10 and 11 on the number 1 end, and 
71 ounces distributed between holes 17 and 18 on the number 2 
end. The error may be estimated, for the rotor was operated sat- 
isfactorily with 87 ounces in hole 9 on the number 1 end, and 95 
ounces distributed between holes 18 and 19 on the number 2 end, 
after repeating the above procedure with smaller trial weights, 
leaving the original balancing weights in position. Using this 
method of analysis, the original run with no trial weights has little 
meaning. 
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TABLE 2 


Balancing 
wt., oz. 


Trial Balancing Maximum a 

run plane 
Initial 
Initial 
A 


Balance ring 
location 


3 


plitudes 
in.) 


This method of balancing enables the operator to balance a 
machine on the job, using a vibrograph, a slide rule and cross- 
section paper. He is guided definitely as to further procedure. 
The method is elementary and efficient. 


AvuTuHOoR’s CLOSURE 


E. L. Thearle’s solution is of the same type as Professor 
Karelitz’, i.e., it involves the use of a special mechanical device. 
It nevertheless has the important advantage of using a set of 
parallel lines permanently drawn on a template, while the set 
of concentric circles or polygons, proposed by Professor 
Karelitz involves considerable preparatory drafting in each 
separate case. The measurement without a trial weight is in- 
cluded by Mr. Thearle in his solution which involves three basic 
runs for measurement of vibration amplitude; this makes a 
fourth run necessary in order to try the “easier’’ solution, to 
use Mr. Thearle’s term. 

Mr. Bryson’s analytical solution takes the polar coordinates 
of the counterbalance weight for the unknown of the problem 
and also uses such coordinates for the given trial weights. This 
may be a luckier choice than Cartesian coordinates used by the 
writer. 

The author solved numerically the same case chosen by Mr. 
Bryson, following his own method as shown in Appendix 2 of the 
paper. The results for z and y were 


= —0.676; = 51.94; 2 = —0.132; = 10.18 


In order to compare this result with Mr. Bryson’s we determine 
tan g = y:/ti(= ys/r2) = 51.94/—0.676 = —76.86, or ¢ = 
90 deg, 44 min, and 44 sec. In Mr. Bryson’s notation who 
locates the initial unbalance and not the required balancing 
weight, as the author does, ¢ should be 270 deg, 44 min, 44 
sec, or 270.75 deg. The magnitude of the unbalance appears 
as 51.95 oz and 10.17 oz, respectively, while for distances O")S, 
and O",S, we obtained 47.10 and 20.85. The amplitude result- 
ing from initial unbalance alone could now be predicted as 0.0030 
x 51.95/47.10 = 0.0032 in. in the first case and as 0.0030 x 
10.17/20.85 = 0.00148 in. in the second (in complete accordance 
with the numbers evaluated by direct measurements in Fig. 3 
of the paper) and the correct solution can now be pointed out. 
The writer’s number (0.0032 in.) is somewhat closer to the 
observed amplitude (0.0029 in.) than Mr. Bryson’s (0.0033 in.), 
but the error is still about 10 per cent of the magnitude in ques- 
tion. The discrepancy is due not so much to inaccuracies of 
slide-rule computations, as to the inaccuracies of the amplitude 
observations and of the general theory of this kind of vibrations. 
Also, Mr. Bryson’s remark, that the choice of the correct solu- 
tion can be made “by inserting the computed values in the original 
equation for eA”’ is incorrect, unless eU in this equation is to be 
computed from the observed amplitude at the (fourth) no-trial- 
weight test. There exists no means for separating the physically 
correct solution from the basic three amplitude measurements 
alone. 

The comparison showed that the writer’s solution, being some- 
what more symmetrical than Mr. Bryson’s and also more con- 
venient for finding the quadrant where the unbalance is located, 
is nevertheless much more complicated. Still more painstaking 


A 2 37.5 13 
es B 1 37.5 3 
C 1 37.5 18 
Cc 2 37.5 18 
64 
56 
= 
8 
3 


DISCUSSION 


would be the more general case of unequal trial weights which, 
incidentally, has been left out by Mr. Bryson. However, even 
his version can hardly ever have a chance of being used by a 
practitioner for actual unbalancing. Here, graphical methods 
are the best. 

It should be noted, that the case of almost equal amplitudes 
hardly warrants the apprehension expressed for it by Mr. 
Thearle and Mr. Bryson. Where two of the three amplitudes 
happen to be close to equality, they will usually be considerably 
different from the third amplitude, thus giving convenient radii 
for the two ares required for the solution. When all three 
amplitudes are almost equal, both solutions are almost identical 
as will be shown later, and are to be looked for in a small region 
around the center of the circle passing through points S,, S,, 
Se (or center of the log of balancing—for equal trial weights). 
Also replacing an arc of a too long radius by a straight line per- 
pendicular to the corresponding side of triangle S,S,S, and 
passing through the respective point U would not seriously 
affect the accuracy of the solution. All these statements may be 
verified in the example of Figs. 3 and 4 of the paper. 

Mr. Rathbone’s remark, that the phase relation of the vibration 
to the disturbing force is of no less importance than the length 
of the vector giving the amplitude, is theoretically quite true. 
This, however, does not affect the possibility and desirability 
of solutions which make use of amplitudes alone. Direct ob- 
servations of the phase-lag angle by means of high-spot scribing 
are sometimes unreliable, as Mr. Rathbone himself has pointed 
out.§ 

The question of whether or not a semi-automatic graphical 
method of solving the balancing problem is preferable to a possi- 
bly somewhat involved geometrical construction hardly allows 
a general answer and may be left open, inasmuch as the writer’s 
method does not intend to replace any former attempt to attack 
the same problem. The writer would only take the liberty to 
observe that the engineers dealing with this problem seem to 
show a certain propensity to improvised mechanical devices, 
which are used sometimes in cases where a geometrical construc- 
tion would unquestionably be simpler. Such a case is that 
treated by Mr. Rathbone in Fig. 5 of this discussion, where line 
P’Q’, which is to be halved by the vector OA at the point 0’, 
could be found by drawing through any point P’ on OB a line 
P’R’ parallel to OC (intersecting OA at R’), and then drawing 
a line R’Q’ parallel to OB (intersecting OC at Q’) and connecting 
P’ with Q’. 

In the case of Mr. Thearle’s Fig. 1, a construction replacing 
his template with the set of drawn lines would be very com- 
plicated. His method, like Professor Karelitz’ and the writer's, 
has the advantage of using amplitudes alone. 

Of course, Mr. Rathbone’s results obtained from two and 
even from one run on the machine by simultaneous observations 
of amplitude and phase are remarkable. 

The method of drawing a sinusoidal curve representing the 
amplitude in terms of the location of a constant trial weight, 
used in this discussion by Professor Ryan, has been pointed out 
by Professor Stodola® (but without Professor Ryan’s interesting 
details). The question of whether it is possible to sketch off- 
hand sinusoids on the basis of three points (especially in a com- 
bination similar to that in Fig. 6 of this discussion) must be 
left to the experience and ability of the individual draftsman. 
In the present case, Professor Ryan’s result, as compared with 
those of Professor Karelitz and the writer, can claim for toler- 
able accuracy only as to the location of the unbalance. Still 


8 “Turbine Vibration and Balancing,” by T. C. Rathbone, Trans. 
A.S.M.E., vol. 51, 1929, paper APM-51-23, p. 267. 

*Dampf- und Gasturbinen,” by A. Stodola, fifth or sixth edition, 
p. 356, Fig. 398. 
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Professor Ryan’s method may be of use for quick preliminary 
orientation. 

In conclusion, the writer points out some further properties 
of the construction described in his paper. 

1 It is clear, that the centers O,, O,, and O, lie upon one and 
the same straight line, which is perpendicular to the segment 
0",0"; and crosses it at its middle. 

2 In the case of all three amplitudes being exactly equal 
(m = n = p) the three circles would become straight lines 
perpendicular to the sides S,S,, S,S,, and S,S,, respectively, 
and passing through their middles. We would obtain one 
solution, corresponding to the center of the circle circumscribing 
triangle S,S,S,.._ Formulas [3] of the paper, in which the second 
determinants in the numerators now vanish, would become 
z = d,; y = —d,. Returning now to the general case, d: and 
dy in formulas [3] allow a simple geometrical interpretation, 
namely, d, and —d, are the coordinates of the center of the circle 
passing through the vertexes of the triangle S,S,S,. 

3 Let us now translate parallelly the coordinate axes from O 
into this center (say O’), as a new origin. In the new system of 
coordinates X’Y’, the numbers a, b, and ec (distances between 
point O and points S,, S,, and S,) are replaced by a’ = b’ = 
c’ = R (radius of the circumscribing circle). The first determi- 
nants in the numerators of formulas [3] of the paper now vanish 
and we have in the new notation 


(K, not K’, because, according to formula [1] of the paper, K 
is an “invariant”? of the transformation, depending on differ- 
ences of coordinates and on constant numbers m, n, and p.) 
It follows immediately from formula [3’], that points O"; and 
O", lie upon a straight line through the center O’. 

4 Equation [4] of the paper now becomes 


where A’ = + and C’ = a" +b” +c” = 3R?. 
From well-known properties of quadratic equations it follows 
that 


KiK, = C’/A’ = R*/(e”, + e”,) 


The product of K,K; can only be positive, i.e., K, and K; can 
only be both positive or both negative. It now follows from 
formula [3’], that zx’; also has the same sign as x’; and y’; the 
same sign as y’2. Points O”"; and O”: are located on the same 
side of center 0’. 

5 From squaring our last equation we obtain 


From formula [3’] we obtain by squaring 
2”, = K,'e",; 2, = Kye"); ys = Kite; y's = Kite”, 
whence by addition 


and, by multiplying the last two equations, 
+ e))? = (2, + + 


By substituting the right-hand side of the latter equation in 
Equation [5’], we obtain 


lV + + ys) | = 
(0'0",)(0'0":) = R? 


‘ 
2’ = y’ = (3 ] 
F 
og 
) 
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From this equation and from the two properties of points 
O"; and O", which have been emphasized, it follows that points 
O"; and O", are poles with respect to the circle circumscribing the 
triangle S,S,S,. 

For the particular case of equal trial weights, this property of 
the two solutions of the balancing problem has been pointed out 
by Prof. J. P. Den Hartog, with reference to the construction 
here described, in his recent treatise on mechanical vibrations. !° 
This polarity may be used 
for finding the physically 
correct solution in cases 
where a solution obtained, 
for instance, by one of the 
methods pointed out in 
the present discussion, 
happens to be the false 
one. If O”, is known, 
(Fig. 8 of this discussion) 
draw O".M perpendicular 
to O'O"s, intersecting cir- 
cle O’ at M, then draw 
MO’, perpendicular to 
O’'M, intersecting O’O", 
at O";.. If is known, 
draw a half-cirecle upon 
the diameter O’O"), inter- 
secting circle O’ at M, 
then draw MO"; perpen- 
dicular to intersecting O’O"; at O's. 

The present paper was written more than three years ago, but 
circumstances beyond the author’s control hindered its publica- 
tion. In the meantime Mr. L. P. Kroon of the Westinghouse 
Electric & Manufacturing Company found independently an 
essentially identical solution of the balancing problem. When 
it had been called to his attention that there was an unpublished 
paper in existence working out the same subject, he very gener- 
ously conceded priority to the author and also helped to bring 
about the publication of the present contribution. 

I am also indebted, for encouragement or help, to J. G. Baker 
and L. M. Tichvinsky, both of the Westinghouse Electric and 
Manufacturing Co., and to Prof. J. P. Den Hartog, Prof. F. 
M. Lewis and Prof. E. O. Waters. 


Fic. 8 


Influence of Bends or Obstructions 
at the Fan-Discharge Outlet on the 
Performance of Centrifugal Fans’ 


R. D. Mapison.?- Where the air leaves a fan with substantial 
uniformity in direction and velocity it is reasonable to suppose 
that an elbow placed directly on the fan discharge would offer no 
specially different type of flow or resistance from what it would 
if placed elsewhere in the duct system. The tests reported in the 
paper under discussion show this to be the case. 

Unfortunately most fans are not so ideally suited to such a 
test. Although it was specifically stated that only one fan was 
tested it was not representative of the majority of fans on the 
market today. The writer refers to the large diverging chamber 
from the point of cut-off to the fan discharge, approximating 11/, 


10‘*Mechanical Vibrations,” by J. P. Den Hartog, McGraw-Hill, 
1934, pp. 246-248 and 380. 

1 Published as paper FSP-56-12, by L. S. Marks, J. H. Raub, and 
H. R. Pratt, in the October, 1934, issue of the A.S.M.E. Transac- 
tions. 

2 Research Engineer, Buffalo Forge Company, Buffalo, N. Y. 
Assoc-Mem. A.S.M.E. 
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diameters of pipe. Such fans are often used in the power-plant 
field and are special fans. The expanding portion is more often 
built as a part of the duct work. It is still a matter of opinion 
what the tests would have shown had the elbow been placed im- 
mediately at the discharge of a conventional fan. 

Where the air leaves a fan with non-uniform flow it is reason- 
able to suppose that the behavior of an elbow will be affected if 
placed adjacent to the fan discharge. It is known that there is 
more tendency to spiral flow in single-inlet fans, particularly 
those with large outlets. The writer has been making tests on 
elbows following such fans and expects to present these data in 
the near future when the tests are completed. At the present 
time sufficient data have been cbtained to say that fan perform- 
ance can be materially changed if the conditions are especially 
bad. 

The writer has observed that the pressure loss may be different 
whether the elbow turns to the right or left of the line of discharge. 
In fact such observations have been noticed where the elbow is 
11 diameters from the fan discharge. The type of flow is espe- 
cially severe in the case of a reverse elbow at the outlet of a forward 
curved blade fan which has a “drop cut-off,” that is, an outlet 
materially larger than the area at the point of cut-off. The 
static-pressure curve of this type of fan and elbow shows a large 
drop in pressure beyond the peak of efficiency and is concave 
upward from there to free delivery. The pressure is unstable 
near free delivery, a condition caused only by the location of the 
elbow. It is interesting to note that when one diameter of duct 
was interposed between this fan and elbow the pressure curve 
again followed the characteristic trend, although the elbow loss 
was somewhat higher than when subjected to uniform flow. 
Whether one says that the fan characteristic is affected by such 
arrangement or that simply the elbow loss is variable, the fact 
remains that if the usual elbow loss were used in figuring an in- 
stallation the expected flow would not be obtained. 

The effect of one diameter of duct between a fan and elbow is 
cited here to show that it can have a remarkable stabilizing 
effect on the flow of air approaching the elbow. In view of this, 
it is a matter of opinion what the authors would have found in 
their tests had the specially long outlet not been used in their 
work. While it is known that single-inlet fans are likely to cause 
more rotation in the air leaving the discharge than corresponding 
double-inlet fans, the rotation in the latter is not nullified by the 
opposing inlets as the author suggests in another paper® but is 
greatly reduced due to the absence of friction along the central 
plane of the fan. Two vortices are set up in opposite direction 
and in lesser amounts. 

While it is not the best practice to place an elbow directly at 
the fan discharge, still it is frequently done in ventilating work 
where space is at a premium. The behavior of the elbow will 
thus depend upon the condition of flow at its entrance, being 
better in some fans than in others. The reverse elbow is to be 
discouraged in any case and the turn used that follows the direc- 
tion of fan rotation. The practice of using turning varies if it 
becomes necessary to place the elbow at the fan outlet, is good. 
Here again, however, full flow across the elbow inlet must exist 
or the expected performance may not be obtained. 

It would be interesting to know whether the authors tested 
the elbow at some distance from the fan and what the pressure 
loss was. Curve Fig. 6 would indicate this to be about 0.4 ve- 
locity heads but from the writer’s tests he would expect this to 
be about 0.25 velocity heads for this elbow. Wirt’s tests‘ at the 
General Electric Company show losses of about 0.425 velocity 


3“Air Flow in Fan-Discharge Ducts,’ by L. S. Marks, Trans. 
A.S.M.E., 1934, paper PTC-56-2, p. 876. 

4“‘New Data for the Design of Elbows in Duct Systems,” by 
Loring Wirt, General Electric Review, June, 1927. 
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heads for an elbow of this type, and the writer feels that it was 
owing to the method of test where a nozzle preceded the elbow and 
a uniform velocity was effective over the whole cross-sectional 
area. This condition does not exist in practice. Besides the 
tests were made at very high velocities in a 3-in. elbow. The 
writer’s tests check much more closely with those of Busey® which 
were made at the Buffalo Forge Company, although they are 
slightly higher. 


C. E. Peck.® The results found by the authors of the paper 
under discussion are valuable in that they verify the general 
opinion that the influence of bends or obstructions at the dis- 
charge of the fan has little effect on the fan performance. How- 
ever, it is important to note, as pointed out by the authors, that 
their conclusions are based on a fan of the centrifugal type with a 
volute housing so designed that the air being discharged from the 
housing has a reasonably definite direction and fairly uniform 
distribution at the outlet. 

The axial-flow type of fan or propeller type of fan discharging 
directly into a duct system may give to the air quite different 
types of flow characteristics such that bends, sudden enlarge- 
ments, or obstructions will affect the fan performance appreciably. 
For instance, the air leaving a high-capacity propeller-type blower 
has very large rotational-velocity components which maintain 
themselves at large distances beyond the fan in the duct work. 
The rotational velocities vary from the center to the wall of 
the duct. With these complicated directions of flow existing, 
any obstruction or bend, or change in duct cross-section at the 
fan discharge or even at some distance from the fan discharge 
may appreciably affect the fdn delivery and efficiency. 

The performance of a propeller fan with properly designed 
guide vanes at the fan discharge is such that the air leaving the 
vanes is essentially parallel with the axis of the duct. With this 
condition and uniform velocity distribution the effect of bends or 
obstructions beyond the guide vanes would probably be small. 

In general, when a fan of any type is applied to a duct system 
and the fan is provided with a volute case or guide vanes or some 
device which produces uniform flow in a given direction the effect 
of duct shape and obstructions beyond the fan is negligible. 
However, when fans are applied in special cases, such as the cool- 
ing of electrical machinery where volutes and guide vanes can be 
rarely used, the effect of obstructions at the fan outlet is more 
noticeable. The effect of the close proximity of end windings 
and the rotor of the electrical machine must be considered and 
usually such obstructions greatly influence the fan performance. 


AvTuHors’ CLOSURE 


The investigations of Mr. Madison show that the pressure drop 
in an elbow depends on the uniformity of flow of the air approach- 
ing it but do not appear to demonstrate any influence of the elbow 
on the performance of the fan. If the character, location, or 
orientation of the elbow is such as to change the discharge pressure 
at the fan outlet, the condition under which the fan is operating 
will change to some other point on the fan-performance curve. If 
the elbow actually affects fan operation, the performance curve 
of the fan will change. Mr. Madison has apparently investigated 
a combination of fan and elbow for a fan which gives a spiral 
discharge flow and shows that the performance of this combina- 
tion varies with the location and orientation of the elbow. The 
authors believe that this variation results from actions in the 


5 “Loss of Pressure Due to Elbows in the Transmission of Air 
Through Pipes or Ducts,’’ by Frank L. Busey, A.S.H.&V.E. Trans., 
1913. 

® Power engineering department, Westinghouse Electric & Manu- 
facturing Company, East Pittsburgh, Pa. Jun. A.S.M.E. 
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elbow alone and that the fan is unaffected as long as it has a com- 
plete fan casing. 

In the authors’ tests the elbow was not tested at some distance 
from the fan because the air flow at the fan-casing outlet was 
found to be practically uniform over the whole cross-section. 

The authors agree with Mr. Peck that if the fan casing is ab- 
sent or incomplete, the effect of obstructions in close proximity to 
the fan may be considerable. 


Calibration of Rounded-Approach 
Orifices' 


R. E. SprENKLE.?. Mr. Smith’s data are timely, particularly 
since some can be connected directly to other pertinent data 
which greatly extends the scope of usefulness. For instance, the 
writer’s Fig. 1 shows the data from Mr. Smith’s large oil-flow 
nozzle plotted together with data from a Bailey 3.06-in. X 1.836- 
in. water-flow nozzle. While at the junction point of the two 
sets of data, or at a Reynolds number of approximately 35,000, a 
possible separation by approximately '/, per cent exists, there is 
no question but that the data from the Bailey nozzle are a real 
continuation of the data of Mr. Smith’s nozzle, and that a single 
smooth curve represents the complete data of the two when 
plotted against Reynolds’ number. 

This despite the fact that the Bailey nozzle used pipe-line con- 
nections instead of the impact and throat type of connections 
used by Mr. Smith. Pipe-line taps place the inlet static connec- 
tion into the pipe wall at a distance of one pipe diameter preced- 
ing the nozzle inlet, and the outlet static connection into the pipe 
line back of the nozzle throat, as shown in Fig. 13 of Mr. Buck- 
land’s paper,* “‘Fluid Meter Nozzles.” 

Further, there is a distinct difference in size between the two 
nozzles, as well as the use of entirely different flowing fluids in 
obtaining these calibration data. When to all of these is added 
the difference in the physical set-up and the fact that the differ- 
ent experimenters involved were working entirely independently 
of each other, this agreement becomes all the more noteworthy. 

Since the water curve obtained from the Bailey nozzle flattens 
out at about 600,000 Reynolds’ number, and continues flat up to 
the maximum test point of about 900,000 Reynolds’ number, 
there is little reason to doubt the projection of the curve as a 
perfectly flat line to Reynolds’ number of much greater value, 
possibly to infinity. Such tests, using steam flow, are now 
scheduled to be made shortly on the Bailey nozzle, better to show 
the validity of this assumption. 

In view of this the curve has been extrapolated to a Reyn- 
olds number of over 3,000,000 so as to cover the useful range 
of steam, air, or other low-viscosity fluids, and it is felt that this 
same curve could be extrapolated further if desired without being 
in error more than plus or minus !/, per cent. Likewise, the same 
curve should apply to any flow nozzle of this general structure, 
provided the diameter ratio of the throat to the inlet-pipe diame- 
ter does not exceed 60 per cent. 

Mr. Smith’s medium- and small-sized nozzles do not line up 
either with his large one or with the Bailey nozzle, possibly as a 
result of differences in relative roughness of the throat finish. 
Then too, recent researches on orifices show the improbability of 
making orifice throats less than 0.5 in. so as to conform with 
larger diameter throats. This same observation applies to nozzle 
throats as well. Thus, such small sizes must be considered in a 


1 Published as paper RP-56-10, by J. F. Downie Smith, in the 
October, 1934, issue of the A.S.M.E. Transactions. 

2 Bailey Meter Company, Cleveland, Ohio. Assoc-Mem. A.S.M.E. 

3**Fluid Meter Nozzles,” by B. O. Buckland, Trans. A.S.M.E., 
1934, paper FSP-56-14. 
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class by themselves and cannot be grouped with larger ones with- 
out the application of some correction factor to compensate for 
these variations in finish. 

An interesting comparison with the average curve of the Gen- 
eral Electric nozzles, described by Mr. Buckland,’ is made pos- 
sible by placing this average curve on the writer’s Fig. 1. The 
maximum difference between the two curves is about 1'/: per 
cent, and it occurs at a Reynolds number of approximately 
10,000. At higher and lower Reynolds’ numbers, particularly 
at the higher Reynolds number, the agreement between the two 
curves is better than '/,; per cent. Because of the rather spotty 
data of the General Electric nozzles at Reynolds’ numbers less 
than 50,000, it is believed by the writer that the heavy curve 
shown in his Fig. 1, as developed by Mr. Smith and the Bailey 
nozzle, is slightly more favorable. However, if a mean line were 
drawn between the two, the maximum deviation would not ex- 
ceed */, per cent, with the average between '/, per cent and '/; 
per cent at the more useful ranges which is an accuracy that will 
conform to most test specifications. 


Ronap B. Smiru.‘ While the results of this paper serve as 
further confirmation of the Reynolds criterion it would seem to 
me that this is the ideal application of the sharp-edged orifice 
rather than the nozzle. It is extremely difficult to reproduce 
accurately the author’s approach radii on nozzles '/, in. and */1 
in. in diameter so that the coefficients cannot be applied to other 
nozzles with certainty. For instance, the author’s coefficients 
of the geometrically similar large and medium-size nozzles do not 
agree. In addition, the use of a '/,.-in. throat hole in only a '/s- 
in. nozzle must result in some abnormality in the flow. 

Apart from the author’s research it may be of interest to point 
out that in the regions of laminar flow the use of a pitot tube at 
0.15 diam from the pipe wall offers no advantages over the usual 
static hole as far as accuracy is concerned. While the author 
does not mention the straight length upstream of the nozzles, let 
us assume that it is sufficiently long so that a parabolic profile 
is nearly developed. Although this would require considerable 
length it is approached in about 50 diameters. Now the impact 


* Turbine Engineering Department, Westinghouse Electric & 
Manufacturing Company, East Pittsburgh, Pa. Jun. A.S.M.E. 

5 “Aero- and Hydromechanics,’”’ by Tietjens-Prandtl, vol. 2, pp. 
25-28. 


tube at 0.15 diam from the wall measures practically the average 
velocity for the parabolic (or the one-seventh turbulent) profile, 
yet it is known that the kinetic energy of the parabolic profile is 
twice the square of the mean velocity. Inasmuch as the develop- 
ment of the flow equation is essentially a balance of energies it 
would then be more rational to locate the tube at the rms ve- 
locity point when there is a laminar flow. This would be at 
about 0.3 diam. 


Ep S. Sairn, Jr.6 The author’s data cover a range of Reyn- 
olds’ numbers of present interest for the nozzle having an impact 
tube in the inlet. The curve in general parallels that for the 
Herschel Standard venturi tube, falling consistently several per 
cent below it. 

The writer considers an impact tube, spaced only 0.15 diam from 
the pipe wall as tested by the author, to be a poor pitot on ac- 
count of the steep velocity gradient so near the wall. It would 
seem that this tube location would be unduly liable to error at 
low Reynolds’ numbers where the velocity-distribution curve 
has a parabolic form, i.e., an extended nose in the center. The 
use of straightening vanes is indicated in this flow régime. 

In spite of the foregoing objection, the author’s tests show an 
excellent correlation of coefficient with Reynolds’ numbers, thus 
establishing the relation usefully for the particular nozzle-impact 
tube forms used. 


Sanrorp A. Moss.’ This paper shows a great deal of precise 
flow-measurement work, and is a distinct contribution to our 
knowledge of the properties of rounded-approach nozzles. One 
of the contributions is evidence in the matter as to whether or not 
Reynolds’ number is a proper criterion for the plotting of nozzle 
coefficients. The author’s curves in Figs. 3 and 4 do not at all 
coincide as they would if Reynolds’ number were a complete 
criterion. The curves are also a little lower than the Reynolds 
number curve given by Mr. Buckland.* It has been suggested 
that the coefficient of various nozzles might be brought together 
if “Head” were used as the abscissas, rather than the Reynolds 
number, and this is worth investigating. Mr. Smith uses as the 


6 Hydraulic Engineer, Builders Iron Foundry, Providence, R. I. 
Mem. A.S.M.E, 

7 Research Engineer, General Electric Company, West Lynn, 
Mass. Mem. A.S.M.E. 
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ordinate of his curves, on Figs. 3 and 4, the velocity coefficient 
whereas Mr. Buckland uses flow coefficient as the ordinate for 
his curves, which is the coefficient occurring in the theoretical 
formula for weight flow. Might it not have been a little more 
useful for computations involving use of the nozzle, as well as 
easier in the computations for finding the coefficient, if Mr. 
Smith had also done this? 


Ricuarp G. Fousom’ and J. A. Putnam.’ Rounded-approach 
orifices with cylindrical downstream sections were developed with 
a view to obtaining a flowmeter having a constant-discharge co- 
efficient near to unity. The added feature of the impact tube 
was introduced to simplify the flow equation in that it auto- 
matically takes into account the velocity of approach, when 
placed in the correct position. Such an arrangement has con- 
siderable value when metering gaseous fluids. However, in 
handling liquids the law of continuity is so simple that the addi- 
tional constructional and experimental difficulties of the impact 
tube far overshadow its advantages. 

Mr. Smith’s paper and other recent publications'®" clearly 
illustrate the characteristics of this type of metering device at 


’ Instructor, Department of Mechanical Engineering, University 
of California, Berkeley, Calif. Jun. A.S.M.E. 

® Teaching Assistant, Department of Mechanical Engineering, 
University of California, Berkeley, Calif. 

10 “Regeln fiir Die Durchflussmessung mit genormten Diisen und 
Blenden,”’ V.D.I., 1932. 

1 Détermination du Coefficient de Débit de Tuyéres et Orifices 
Noyés,"’ by MM. P. Leroux et Deullin, Annales des Mines, ser. 13, 
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both low and high values of Reynolds’ number. The discharge 
coefficient drops rapidly at low values of Reynolds’ number simi- 
lar to the corresponding characteristic of the simple diaphragm- 
orifice. 

Fig. 2 of this discussion shows the calibration curve of a small 
square-edged orifice used for metering in the mechanical labora- 
tories of the University of California and which is comparable 
with the small orifice used by Mr. Smith. The meter conforms 
in general with the I.S.A. 1930 orifice, except that the diameter is 
less and the edge is thicker than the tolerance limits set by the 
I.S.A. The pressure connections are placed so that accidental 
burrs can have no effect. A disadvantage of the meter used by 
Mr. Smith is the position of the static-pressure connection in the 
high-velocity section where errors due to burrs will be a maximum. 

Although the nozzle-impact-tube meter coefficients are higher, 
they vary as much as the coefficients of the simple orifice in the 
region of low Reynolds’ number. At high Reynolds’ number 
both types have a constant coefficient. 

Since there is no choice on the basis of discharge-coefficients, 
the simpler sharp-edged orifice proves to be the most satisfactory 
meter under operating conditions. For accurate work, all small 
meters must be calibrated in place. 


R. J. 8S. Pigorr.!2 Mr. Smith is to be congratulated on the ex- 
cellent consistency of his test work. In comparison with other 
tests on small nozzles, the scatter of points is quite noticeably less 
than usual. 


12 Staff Engineer, in charge of engineering, Gulf Research & De- 
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It is assumed that the pipe used with these nozzles was drawn 
brass, although it is not so stated in the paper. The point is of 
importance, as the roughness of the preceding pipe has a definite 
effect upon coefficients. 

Regarding the use of the impact tube located at 0.15 diam, the 
writer used this location in 48-in. pipe in 1910, for steam sampling. 
It gives a fairly good average velocity reading for fairly large 
Reynolds numbers, but it is certainly not rigorous. Such an 
impact tube does have an influence on the coefficient, since it 
disturbs the flow into the nozzle. 

With regard to the dip in the coefficient curve, for the medium 
orifice it is possible that the impact tube for this particular set-up 
was at a critical position. There is also another cause for dis- 
turbances in this region; the plots are usually based on Reyn- 
olds’ number in the throat. Turbulence usually begins at dvp/u 
= 1200 to perhaps 2500. But at this time, the upstream section 
is in viscous flow, and full turbulence for the whole nozzle does 
not occur until dvp/u in the throat is greater than 3300 for the 
large nozzle, 6600 for the medium, and 13,200 for the small nozzle. 
Indeed, if the flow is very smooth in the upstream pipe, turbu- 
lence may not be fully established until about twice the foregoing 
values. Consequently, there is some instability in the orifice in 
this range; it may be detected by a tendency of the head gages 
to oscillate, since there are at least two possible extreme values 
for the differential. Very likely the dip is due to a combination 
of the impact tube and the unstable condition. 

The writer would assign even the small variations in coefficient 
to three factors: (a) non-similarity; (b) difference in relative 
roughness; (c) the impact tube. 

For the past ten years, it has become customary to plot ven- 
turi-tube, disk-orifice, and nozzle coefficient against number, as- 
suming geometrical similarity, because the venturi was the same 
general shape, the orifice was flat and had a sharp edge, or the 
nozzle was the same contour. This practice is unfortunate, as 
it is not fair to the Reynolds number comparison. It is a fact 
that almost no completely similar nozzles have been tested. If 
the same 12-in. steel pipe is used for a five-, four-, and three-inch 
nozzle, although the nozzles themselves are similar in contour, 
the assembly is not similar. Further, if a 12 by 3 and a 4 by 1 
nozzle are compared, using steel pipe in both cases, they are dis- 
similar; the four-inch pipe is relatively much rougher; so is the 
one-inch nozzle, with the same polish. 

Mr. Smith’s nozzles are approximately similar only. In the 
fluid-meters-nozzle research at present proposed, we intend to 
establish full geometrical similarity, varying roughness and 
diameter ratio. In this way, those deviations hitherto all 
charged to test variation will certainly be reduced to test errors 
purely, without the additional scatter resulting from dissimilarity. 

These small nozzle tests are very much needed to fill out the 
lower Reynolds number region, and are particularly timely for 
the writer. 


AUTHOR’s CLOSURE 


Mr. Moss has pointed out that the three curves given in the 
paper do not coincide and on this basis concludes that Reynolds’ 
number R is not a complete criterion to use as abscissas. It would 
appear to the author, however, that such a conclusion from the 


present data is unwarranted. In the first place, the orifices are 
not quite geometrically similar, with the result that a dimen- 
sional-analysis treatment of the problem would not give us C as a 
function of R only. Other dimensionless groups involving 
lengths would unquestionably enter. 

The fact that these curves are slightly lower than those of B. O. 
Buckland can be explained perhaps by the lack of similarity in 
the two pieces of apparatus, and by his use of static pressure up- 
stream, whereas the author used impact pressure upstream. 
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Mr. Moss’s suggestion to plot C against head rather than RF has 
been tried. It yields points with the present data that are 
scattered considerably more than where 7? is used. 

Mr. Moss points out that the author uses the simple equation 
Uther = 2gh rather than tiheor = 
Buckland where r is the ratio of throat diameter to upstream 
diameter, and states that the latter is the coefficient occurring in 
the theoretical formula for weight flow. He has overlooked the 
fact that there is a difference in set-up in the two cases. Using 
static pressure upstream, the latter of the two formulas is correct, 
but if an impact tube is to be used, the former equation is the 
correct one, provided that the impact tube is placed at the proper 
place to get the desired velocity head. 

Ronald B. Smith, Ed 8. Smith, Jr., and R. J. 8S. Pigott state 
that the use of an impact tube at 0.15 diam from the pipe wall offers 
no theoretical advantages over the usual static hole. The author 
agrees with this. R. B. Smith’s logic in discussing the kinetic- 
energy relations cannot be questioned. Strangely enough, the 
author used reasoning quite similar in discussing a paper pre- 
sented by Prof. L. 8. Marks on air flow in fan ducts a few days 
before these present discussions were presented. 

When these orifices were installed the question of possible 
errors arising in coefficient due to erroneous readings of velocity 
upstream was investigated. Perhaps a résumé of the conclusions 
reached at the time would be illuminating. If an error of 50 per 
cent in velocity upstream were made, the effect on the velocity at 
the throat of the big orifice was 1.6 per cent, for the medium 
orifice it was 0.1 per cent, and for the small orifice it was entirely 
negligible. These conclusions are based on the assumption that 
an error of 50 per cent in the velocity upstream would be shown 
up in the flow through the orifice, but even this assumption is 
unjustified, since an error in the velocity upstream obtained for 
each orifice during calibration would be mainly counterbalanced 
in the use of the orifice during tests on flow measurement. Thus 
the small errors mentioned are considerably larger than any mis- 
takes which would occur in the use of such an instrument, and the 
conclusion that the introduction of an impact tube would lead to 
negligible errors was borne out by the results obtained. 

Now there is no single point upstream which would give the 
proper impact pressure over a wide range of Reynolds’ number, 
particularly it the flow may change from viscous to turbulent, but 
the movement of the position of the impact tube at every reading 
would have introduced many complications and, in view of the 
small errors introduced, as previously mentioned, the distance 
0.15 diam was adopted, as recommended in the Power Test Codes 
Tentative Draft, series 1933, Instruments and Apparatus, part 
2, p. 13, and previously recommended by Sanford A. Moss in 
a verbal communication. 

R. E. Sprenkle has presented a most remarkable verifica- 
tion of the author’s data in his curve, especially as the apparatus 
used and liquid flowing in each case were different. Such close 
agreement is very gratifying. 

Several discussers, including R. J. S. Pigott and R. B. Smith, 
have asked about the relative roughness of the orifices and ap- 
proach pipes. That question the author cannot answer quanti- 
tatively. All orifices were made of composition metal (a brass) 
and were machined as smoothly as our shops could make them, 
templates being used in turning and polishing. The finish was 
bright and apparently glassy-like in smoothness. The pipes on 
each side of the nozzles were standard iron pipes, of ordinary 
roughness. 

Mr. Pigott’s comments on the dip noticed with the medium 
orifice are interesting, and obviously true; but they do not ex- 
plain fully why this dip was found with only the one orifice. 
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Messrs. Folsom and Putnam state that the static-pressure 
connection in the author’s apparatus is at the high-velocity sec- 
tion where burrs would have a maximum effect. The removal of 
burrs formed was not a serious matter, and the data obtained 
would seem to demonstrate that any irregularity left had little 
effect on the coefficients of the orifices. 

The determination of the static pressure at this point has the 
definite advantage that the pressure is obtained under relatively 
stable conditions. A static-pressure connection immediately 
after the orifice, as used by Messrs. Folsom and Putnam, is not 
desirable, as this is the position of unstable turbulence. The 
eddies formed by the fluid immediately after passage through the 
orifice are very troublesome, although it is possible that in the 
extreme corner they would have little effect. The graph shown 
by the discussers has points departing by as much as 3 per cent 
from the mean line drawn, in the region of ordinary operation. 
In many tests this deviation is not allowable. It is true that over 
a range of Reynolds’ number (conduit conditions) of from 1000 
to 30,000, as shown in the discussers’ graph, the coefficient is 
relatively steady, and this has definite advantages if a rough 
automatic measuring device is to be used. Otherwise, however, 
it is not a difficult matter to calculate the Reynolds number and 
pick the coefficient from the proper graph. 


The V-Notch Weir for Hot Water' 


H. N. Eaton.? This paper illustrates, in an interesting way, 
the fact that frequently, by varying one of the physical quanti- 
ties involved in a physical phenomenon, we can determine what 
would be the effect of varying a different physical quantity which 
is also involved in the phenomenon. In the present instance, 
the effect on the coefficient of the V-notch of varying the head 
acting on the notch is used to show what would be the effect, over 
a limited range of the coefficient curve, of varying the kinematic 
viscosity of the water flowing through the notch. The advan- 
tage of this procedure lies in the fact that it is much more difficult 
to vary the kinematic viscosity of the water than to vary the 
head on the notch, at the same time controlling the conditions 
carefully enough to obtain accurate measurements. This ex- 
pedient has been utilized to advantage in other branches 
of engineering and physics, particularly in aerodynamics, and 
the writer is interested to see an application of it made to hy- 
draulies. 

The process of reasoning by which the author arrives at his 
plot of C against h/»’/* appears to be correct, but the following 
treatment is suggested as a more direct and logical one. 

We start with the customary formula for the V-notch 


[1] 


where Q is the volume rate of flow, h is the head on the notch, 
measured above the vertex, and C is the coefficient of discharge 
of the notch. 

We wish to determine how C is affected by the different physi- 
cal and geometrical quantities which are involved in the phe- 
nomenon. 

The following quantities may affect the flow Q, and hence the 
coefficient C: The head h, the acceleration of gravity g, the den- 
sity of the water p, the viscosity of the water u, the surface ten- 
sion of the water s, the width of the approach channel b, the 
height of the vertex of the notch above the floor of the approach 
channel H, the width of the crest of the notch plate w, the angle 
of the notch a, the factor of a relative roughness k of the upstream 

1 Published as paper RP-56-9, by Ed S. Smith, Jr., in the October, 
1934, issue of the A.S.M.E. Transactions. 


2 Acting Chief, Hydraulic Laboratory Section, National Bureau of 
Standards, Washington, D.C. Mem. A.S.M.E. 
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surface of the notch plate, and to a lesser extent the roughness of 
the walls of the approach channel. 
We can express this dependence as follows: 


fi (Q, h, Pp, 8, a, H, b, w) = [2] 


where f denotes ‘function of.” 

From these eleven significant quantities we can form n—idimen- 
sionless products, where n is the number of significant quantities 
and 7 is the number of physical dimensions required to express 
these quantities (in this case three—mass, length, and time). 
Hence, eight dimensionless products result, by means of which 
we can express our relationship as follows: 


Q Qos hhh 
gh’? hu pgh? H bw 


The particular forms of the products we choose depend upon the 
particular relationships we wish to study, and for different pur- 
poses we can express the same relations in many different forms. 
A concrete illustration of this will be given later in this discussion 
in passing from Equation [4] to Equation [5]. 

The first three of the dimensionless products chosen above 
were designed to separate clearly three different effects: 
first, the balance between the inertial and gravitational forces 


expressed by the product second, the balance between 


inertial and viscous forces, expressed by “ ; and third, the bal- 


ance between surface tension and gravitational forces expressed 


by ene The fourth variable, k, is a dimensionless roughness 


factor, and the last four are purely geometrical factors which 
express the form, but not the size, of the notch and the approach 
channel. 

The first three dimensionless products, because of the particular 
force ratios which they represent, correspond, respectively, to the 
Froude, Reynolds, and Weber numbers. However, the names 
“Froude number’ and “Reynolds number’ should not be ap- 
plied to the first two, because these names are used in a more 
restricted sense to apply, respectively, to the square of a velocity 
divided by a length and the acceleration of gravity, and to the 
product of a length and a velocity divided by a kinematie visco- 
sity. It has been suggested to the writer by Dr. L. B. Tuckerman 
of the National Bureau of Standards that the names ‘‘generalized 
Froude number” and “generalized Reynolds number’”’ be applied 
to these two dimensionless products. The name “Weber num- 
ber’’ is usually applied to the dimensionless product v2lp/s, which 
represents the balance between inertial and surface-tension forces, 
instead of the form given above. This name has not yet become 
as fixed in its usage as have “Froude” and ‘‘Reynolds’”’ numbers, 
and, since these two forms of the Weber number both take ac- 
count of the effect of surface tension, no distinction will be made 
here. 

The surface tension of the water affects the coefficient curve 
only at very low heads and is probably of no significance over the 
range discussed by the author of the paper. Consequently, the 
dimensionless product s/pgh?, will be omitted from consideration 
in what follows. It is interesting to note that, if surface tension 
can be ignored, the density then appears only in combination 
with the viscosity in the form of the ratio n/p, which we call the 
kinematic viscosity, », and hence, under this condition, the 
density and viscosity need not be included separately in [2] but 
can be replaced by the kinematic viscosity. 

The width of the approach channel and the depth of the floor 
below the vertex of the notch will affect the coefficient at high 
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heads through their effect on the stream lines and on the velocity 
of approach, unless the dimensions of the approach channel are 
sufficiently large. It has been shown experimentally that the 
width of the approach channel does not have any effect on C as 
long as b > 8h. The writer has seen no satisfactory data illus- 
trating the effect of proximity of the floor. Barr gives two curves 
for a 90-deg notch which indicate that, for a head of 3 in., the 
depth H must be greater than 3h and for a head of 4 in. H must 
be greater than 4h. The discussion which follows is applicable 
only to a V-notch for which the width 6b and the depth H of the 
approach channel are so great that they exert no measurable effect 
on the coefficient even at the highest heads used. This restric- 
tion is justifiable here without further consideration, since it is 
not the purpose of this discussion to set limits to the regions within 
which the effects discussed are appreciable, but to indicate a 
more direct method of reaching the conclusion arrived at by the 
author of the paper. 

In addition to the restrictions which have already been set 
upon the problem, we shall assume that we are dealing with a 
notch having a given angle a and a given crest width w and that 
the variation in the relative roughness of the notch plate and 
the walls of the approach channel with changes in head can be 
neglected. 

With the restrictions thus established we can simplify Equa- 
tion [3] to 


Q Q 
he 


However, for our present purposes, another of the infinite 
number of possible combinations of these two dimensionless 


products will be more convenient, and we replace Q/h»y by 
1 /s 

. = which we do by dividing Q/h» by Q/g'/*h'/* and taking the 
v 


two-thirds power of the result. We also introduce the coefficient 
C in the first dimensionless product in [4] by means of [1], and 
[4] now becomes 


With our relation in this last form, we can see, as we ae 
3 
easily see before, that it is legitimate to plot A against . 
g v 

and if none of the physical quantities which we have neglected 
affects C measurably over the range of our plot, we shall get a 
single curve. Furthermore, as long as the value of g remains 
constant, as it will in the practical use of the notch, we can drop 
it from consideration and can plot C against h/»’/*, as the author 
has done. 

Whether or not all of the physical quantities which have been 
left out of consideration in deriving Equation [4] actually have 
no measurable effect on C over the range of the curve given by 
the author is a question which the writer will not attempt to 
settle, since this was not the purpose of the discussion. 


H. S. Bean.‘ In this paper, Mr. Smith proposes the use of 
certain arbitrary ratios as parameters against which to plot 


3 ‘Experiments on the Flow of Water Over Triangular Notches,”’ by 
J. Barr, Engineering, London, vol. 89, 1910. See also ‘‘Hydraulics 
and Its Applications,” by A. H. Gibson, D. van Nostrand Co., New 
York, N. Y. Third edition, pp. 162 and 163. See also Trans. 
A.S.C.E., vol. 93, 1929, p. 1134, Fig. 60d, where Prof. W. S. Pardoe 
gives a curve which indicates that the width may be as low as 3.4h 
without affecting C. 

4 Physicist, Chief Gas Measuring Instrument Section, National 
Bureau of Standards, Washington, D.C. Mem. A.S.M.E. 
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his coefficients for V-notch weirs. Of course, one is at liberty 
to use any such parameter as may suit his pleasure or convenience, 
but in passing them on to others, attention should be called to 
any dependence that such parameters may have upon the system 
of units used. Let us examine the proposed parameters for their 
dependence upon units, referring to the author’s equations as they 
are numbered in this paper. 
The basic flow relation as expressed by Equation [7] is 


Q= chi 


While expressing an experimental result, this equation is really a 
definition of C. C need not be a constant, and, in the general 
case, will not be constant, but will have a definite and different 
value for every pair of values of Q and h. It is interesting to 
note that in order for Equation [7] to balance dimensionally, C 
must have the dimensions L'/* 7, which are the same as those 
for g~'/*, Thus we find that, as here defined, C is not inde- 
pendent of the units used. Since this equation is used as a basis 
for Equations [9] and [10], it follows that they also are dependent 
upon the units used. 

This same conclusiou may be obtained directly by noting the 
dimensions of the ratios given by [10]. For example, the dimen- 

sions of the first ratio in [10] are T BL 

Thus, while there is true correspondence between Equations [8 } 
and [10], this correspondence is not general; that is, it depends 
upon the particular units being used. In this connection it is 
well to note that the author expresses density, viscosity, and 
surface tension in cgs units, while his weir dimensions, velocity, 
and flow are in English units. Therefore, in making use of any 
of the relations given by the author, we must be careful either to 
use the same combination of units which are given in the paper, 
or to convert the relations to other units which we might prefer 
to use. 


AvuTHOR’s CLOSURE 


The discussers of the paper have stressed the fact that the 
operators and coefficients used therein are not dimensionless 
and that both English and cgs units have been used. These 
informalities were deliberately introduced for greater convenience 
in use and, because of the need for brevity, this was done without 
explanation. 

The most important point of Mr. Eaton’s independent, mathe- 
matical analysis is the confirmation of the true correspondence 
between the coefficient C and the operator h/v’/*. Mr. Bean’s 
check of the true correspondence between Equations [8] and 
{10} is appreciated. 

It is regretted that the discussion of the paper included no 
data on triangular weirs using liquids of different viscosities, such 
as are awaited from the University of California project 273 being 
conducted by Mr. Carson under the direction of Prof. M. P. 
O’Brien. 

It should be noted that all the figures in the paper are on 
double-logarithmic paper, even though the ordinates are to a large 
scale in Figs. 1 and 3. This explanation is needed to clarify 
the use of the dot-and-dash line in Fig. 1 as representing the 
exponential Equation [14]. 

An additional reference which should also be given is: ‘Flow 
of Water Over a V-Notch,” by Joseph Tarrant, Trans. A.S.M.E., 
Vol. 50, 1928, paper HYD-50-8, p. 25. 

The author concludes by calling attention to the new and use- 
ful operator h/»*/* as a basis for correlating weir coefficients, not 
only for hot water but also for oils in the “look boxes’’ of re- 
fineries. The value of the contribution is entirely from the engi- 
neering, rather than the scientific, viewpoint. 
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DISCUSSION 


Fluid-Meter Nozzles’ 


Ronatp B. Smitru.? The problem of establishing reliable 
nozzle coefficients and a standard flow-measuring technique for 
acceptance-test work is of particular concern to the Power Test 
Codes Committee at the present time. In the writer’s opinion 
the shape that is chosen matters but little providing only that 
the nozzle can be easily reproduced and accurately installed. 
The important point is to choose a standard which has been so 
thoroughly verified that its characteristics under all probable test 
installations are accurately established. 

One of the nozzles under consideration as a standard is the 
V.D.I. profile, some of the characteristics of which Mr. Buckland 
compares with the G.E. nozzle. The V.D.I. nozzle is the out- 
growth of the nozzle used for the past 30 years for flow-measure- 
ment work by the I. G. Farbenindustrie. Within recent times it 
has been adopted as standard by the International Standards 
Association and now, as a result, is generally known as the I.S.A. 
nozzle. Since 1928, largely at the request of the V.D.I., several 
thousand laboratory calibrations of the nozzle have been made, 
with the result that its flow coefficients, for pressure drops down 
to the acoustic and for area ratios ranging from zero to 0.6, have 
been established under a wide variety of conditions with an 
accuracy generally within plus or minus 0.5 per cent. The flow 
coefficient of the I.S.A. nozzle is constant over a greater range 
than is usually the case with a full flowing nozzle. For instance, 
in the author’s Fig. 14 it is evident that the I.S.A. nozzle can be 
used to a 50 per cent lower range than the G.E. nozzle before one 
must resort to cut-and-try methods in the calculations. 

By attempting to compensate for the different locations of the 
pressure taps the author concludes that the coefficient of the G. E. 
nozzle is 1'/, per cent higher than the I.S.A. This result is 
based on the assumption that a pressure measurement in the 
throat of a nozzle and a pressure measurement in the pipe two 
nozzle diameters downstream are identical, and are equivalent to 
the atmospheric pressure with a freely discharging jet. This 
opinion appears untenable from analysis of the very tests that 
the author quotes to support it, namely, the work of Stach. Ex- 
cept for the smallest nozzle, Stach’s coefficients show less than 
0.3 per cent difference between measurements of the I.S.A. 
nozzle when discharging freely and when operating in a pipe 
with the usual corner taps.’ This slight difference can be ex- 
plained by the fact that Stach used pressure-chamber openings 
smaller than standard. Thus, the result of Stach’s work is to 
indicate that the pressure measurement in the downstream corner 
is equivalent to the pressure for discharge into an infinite cham- 
ber. 

If we compare the pipe and throat-tap measurements on a 
Moss-Johnson nozzle as reported by Sprenkle,* we must conclude 
that a throat tap reads the pressure about 1!/; per cent high. 

Downstream from the nozzle and along the pipe wall there is a 
pressure fall. It is interesting to note that this distribution, as in 
Fig. 1 of this discussion, on a Moss-Johnson nozzle which is 
practically the same as the G.E. nozzle, is similar to the results 
reported by Witte on the I.S.A. nozzle. For instance, the 
minimum pressure is 1'/, per cent of the differential pressure 
and it occurs (for m = 0.25) about */, diam downstream from the 


1 Published as paper FSP-56-14 by B. O. Buckland, in the Novem- 
ber, 1934, issue of the A.S.M.E. Transactions. 

2 Turbine Engineering Department, Westinghouse Electric and 
Manufacturing Company, South Philadelphia, Pa. Jun. A.S.M.E. 

3 ‘*Neuere Mengenstrommessung zur Normung von Dusen und 
Blenden,” by R. Witte, Forschung auf dem Gebiete des Ingenieur- 
wesens, September-October, 1934. 

4 ‘A System for the Measurement of Steam With Flow Nozzles for 
Turbine Performance Tests,” by 8S. A. Moss and W. W.{Johnson, 
Trans. A.S.M.E., vol. 55, 1933, paper FSP-55-10, p. 145. 
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mouth. Because the same quantitative phenomenon is observed 
with an orifice it seems probable that the distribution is produced 
by viscous effects at the boundary of the jet. 

In combination with Sprenkle’s results, the pressure-distribu- 
tion curve leads one to suspect that throat pressures are 1 per cent 
higher than corner pressures, and that, as a result, if the nozzles 
are compared on this basis, there will be practically no difference 
in their coefficients. That there is no actual difference between 
the two nozzle coefficients when the pressures are measured in the 
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same manner has been proved by Witte.* For instance, using 
corner taps, which includes some impact pressure and there- 
fore accounts for a low coefficient, he measures with an area ratia 
0.25: 


For the Moss-Johnson nozzle...................-. = 0.974 
For the same Moss-Johnson nozzle with throat taps. = 0.991 


Thus the relative magnitudes in the author’s Fig. 14 are mis- 
leading. 

Mr. Buckland suggests that the rapid fall of the coefficients 
of the I.S.A. nozzle below the operating region is the result of 
contact loss in the nozzle. That there is a temporary contact 
loss in an I.S.A. nozzle where the approach radius is tangent to 
the throat is known. Not so well known is the fact that nozzles 
of the G.E. shape also show contact loss at this point. I have 
observed the phenomenon many times on a Moss-Johnson nozzle 
by coating the inner surface with lampblack and kerosene and 
studying the streak lines that are produced by the air. However, 
in neither nozzle is it of serious importance nor would it be termed 
a vena contracta, since contact is reestablished within '/, in. 
downstream. The peculiar slope of Mr. Buckland’s coefficients 
in Fig. 8 of his paper between Reynolds’ numbers of 10‘ and 4 
10° may be the result of this phenomenon. 


R. E. Sprenxie.' Mr. Buckland’s paper will be of material 
assistance in familiarizing engineers with the fact that the Ameri- 


5 Bailey Meter Company, Cleveland, Ohio. Assoc-Mem.A.S.M-E. 
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can style of flow nozzle is a real precision instrument and that its 
accuracy and reliability well merit its use as a standard of 
measurement. 

Our experience in building and using several thousand flow 
nozzles of all sizes and for all kinds of flow-metering service, 
has shown that the use of pipe-line connections at both the 
nozzle inlet and outlet, as shown in Fig. 13 of the paper, is the 
simplest and most dependable method of measuring the pressure 
differential across the nozzle. This experience covers a span of 
nearly twenty years during which many weighed-water or other 
tests have proved the adequacy of the commercial nozzle of this 
design as a means for measuring water, steam, air, gas, and other 
flow rates. 

Pipe taps into the wall back of the nozzle throat instead of into 
the throat itself, possess some real advantages. First, this loca- 
tion is in a protected zone out of the path or contact with the 
stream lines of the flowing fluid, and thus not susceptible to 
errors in static-pressure measurement due to small localized 
eddies, whirls, or other disturbances such as may, and often do, 
exist along the throat surface. Moreover, being in a zone 
where velocities are comparatively low, there is even less chance 
of this pressure measurement being in error. 
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Fig. 2 


From the standpoint of physical application, the nozzle with 
the outlet connection made back of, instead of into, the throat, 
allows the use of a much thinner flange, with a consequent 
reduction in pipe spread to provide for its insertion between 
existing flanges. The nozzle proper is easier to build because of 
the omission of the piezometer chamber and internal connection 
passages which are required to provide for throat taps. 

One of the outstanding advantages of the nozzle, shown in 
the author’s Fig. 13, is that extreme care does not need to be 
taken in drilling the outlet connection into the pipe wall. True, 
this must be done in the field, as Mr. Buckland states, but due to 
its protected location, it is much less difficult to make than the 
inlet pipe connection which is used by both nozzle types. 

The throat tap connection is admittedly difficult to make unless 
all possible precautions are taken. This point is brought out not 
only by Mr. Buckland himself, but also in the discussion of the 
Moss-Johnson paper in 1932 by the present writer, in which 
comparative tests made with both throat and pipe taps in a 
special nozzle in the Bailey Meter Company laboratory were 
described in detail. In that discussion, we demonstrated the 
difficulty, in fact, almost impossibility, of getting the separate 
throat-tap pressure readings to check each other, as compared 
with the ease of obtaining a very satisfactory agreement be- 
tween the different outlet pipe tap readings. The elimination 
of this job of making satisfactory throat connections more than 
compensates for the labor of providing for this connection in the 
field. 
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While the pipe tap back of the throat cannot be calibrated 
as an integral part of the nozzle itself, neither can the inlet- 
pipe connection which is used with both types of nozzles. And 
of the two, the inlet connection is the more susceptible to changes 
in the flow state, being immediately adjacent to the path of 
the stream lines. As such, it is the most important connec- 
tion to be included in any integral nozzle-assembly calibration. 
The truly correct and proper method is to calibrate the nozzle 
with the section of pipe in which it is to be used, and thus both 
pressure connections are included in the assembly and all possible 
installation vagaries eliminated. A typical nozzle pipe section 
with pressure connections and nozzle properly located, is shown 
in Fig. 2 of this discussion. 

The first reason given for the use of the throat instead of the 
pipe-line connections, was that the lack of geometrical similarity 
of the external shape of the nozzle used might produce erroneous 
results were pipe taps used. We would point out that even along 
the internal surfaces over which the fluid passed, complete geo- 
metrical similarity did not exist. True, the test nozzles were in 
themselves, geometrically similar in form, but when installed 
in the pipe lines, the assemblies with the pipe were not geo- 
metrically similar by widely varying amounts. To attain com- 
plete similarity, the curvature must begin at the same relative 
point with reference to the inside pipe wall on each nozzle. 
In all but one of the G.E. nozzles, the distance of the junction 
of the curvature with the straight flange section as measured 
from the inside of the pipe wall, varied from 4 per cent to 27 per 
cent of pipe diameter, and in this one case, this point was actually 
up in the holding flange by an amount equal approximately to 5 
per cent of the pipe diameter. Since the flow must pass over 
these surfaces, this lack of similarity is likely to produce a 
larger spread between coefficients of different nozzles of various 
sizes than would have resulted from pipe-tap measurements 
made in a region where this lack of similarity was relatively un- 
important. 

That there can be no complete geometrical similarity between 
nozzles of different diameter ratios, is quite apparent but never- 
theless not always fully understood. In fact, only when nozzles 
of the same diameter ratio are used in differeat sizes of pipes can 
such similarity be obtained, and even then the relative pipe rough- 
ness may not be quite the same. Since various diameter-ratio 
sizes must be used for practical metering, it is useless to expect 
complete agreement of calibration data on a similarity basis. 

An improvement can be made, in the attaining of better simi- 
larity between different diameter-ratio sizes, by always placing 
the beginning of the curvature at the surface of the internal pipe 
wall and then so shape the curvature to the one-quarter ellipse by 
making the minor axis equal to (D — d)/2 instead of 5/8 d. With 
increasing diameter ratios, this ellipse becomes flatter but there 
are no humps or irregular surfaces over which the fluid must 
flow and thus no marked or sudden deviations from the natural 
flow path. 

A comparison of calibration data from nozzles of the shape 
just described, using pipe taps, with the General Electric nozzles 
would be of interest. In Fig. 11, Mr. Buckland shows such a 
comparison between the data from a 12-in. X 7.554-in. Bailey 
Meter Company nozzle, and the average G.E. curve. The 
agreement of one with the other, is about as perfect as can be 
expected. However, the range of Reynolds’ number used with 
the 12-in. nozzle was rather small; so to extend the curve to 
lower limits, a 3-in. pipe size, 60 per cent diameter-ratio nozzle 
was recently calibrated in our laboratory in Cleveland. 

The calibration data obtained from a Bailey Meter Company 
3.06-in. X 1.836-in. nozzle is shown in Fig. 3 of this discussion, 
as well as that from the 12-in. X 7.554-in. nozzle. In passing, 
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it should be noted that the 3-in. nozzle was made of highly 
polished brass and calibrated in smooth brass tubing, using 
water flow while the 12-in. nozzle was made of steel and cali- 
brated in a commercial steel tubing, also using water as the 
flowing fluid. As will be noted, these two nozzles, checked each 
other almost perfectly through a range of Reynolds’ number 
from 500,000 to the highest point calibrated and deviated from 
each other at the most about '/, per cent at a Reynolds num- 
ber of 300,000 or the lowest point tested on the 12-ia. nozzle. 

In Fig. 3 of this discussion, we have also shown by the broken 
line, the average calibration curve from Mr. Buckland’s Fig. 8, 
as a comparison with calibrations of two Bailey Meter Company 
nozzles. Despite the higher diameter ratio, and the fact that 
both the Bailey nozzles shown used pipe-line pressure connections 
back of the nozzle throat instead of into the throat, and further, 
that the internal contour of the nozzle shape was not precisely 
the same, the General Electric type and the Bailey type checked 
each other from 0.1 per cent to 0.3 per cent over a working range 
of Reynolds’ number of from 100,000 to 1,500,000, or the highest 
tested point. Whether or not the increased deviation at lower 
values of Reynolds’ number is due to the difference between the 
location of the outlet pressure connections, to the small difference 
in the shape, or to experimental errors, is a question we cannot 
adequately answer at this time. 

It is sufficient to add that through the useful range of Reynolds’ 
number, or from 100,000 up, and with nozzles of diameter ratios 
not materially exceeding 60 per cent, either of the two types of 
American nozzles can be used for the purposes outlined in this 
paper with an accuracy that is certainly well within plus or minus 
1 per cent, and with actual calibration within plus or minus 
1/, per cent, provided proper precautions are taken both as to 
obtaining undisturbed flow through the nozzle, and in the design, 
construction, and installation of the nozzle assembly itself. 


R. J. S. Prcorr.* In examining Mr. Buckland’s paper, one 
notes a tendency to call various nozzles, or orifices, geometrically 
similar, when as a matter of fact, they are not. It is not enough 
to use nozzles that are similar in contour because, for rigorous 
comparisons, it is necessary also to have similarity in pressure 
taps, polish of nozzle, upstream pipe, and orifice ratio. This 
complete condition has practically never been observed in tests 


as yet, and until it is, we shall not be able to get the full value of - 


Reynolds’ criterion comparisons. Scatter of points is much 
wider than can be assigned correctly to experimental errors, 


6 Staff Engineer, Charge of Engineering, Gulf Research & Develop- 
ment Corp., Pittsburgh, Pa. Mem. A.S.M.E. 


or to any departures from the “single line’ theory; and the whole 
situation for studying the proper relations is somewhat confused. 

The long series of experiments on orifices conducted by the 
joint A.G.A.-A.S.M.E. meter committee shows that the upstream 
roughness, orifice ratio, and tap location have very noticeable 
effects upon coefficient, quite in line with theory. While some 
advance the thought that pipe roughness has no effect on a 
nozzle, theory clearly indicates there ought to be some effect. 
If this thought were correct, neither the sharp-edged orifice nor 
the venturi should show roughness effect; but we know that they 
do show such differences. 

Mr. Buckland has recognized this point in his Fig. 9 wherein 
the curves better approach full similarity, by eliminating orifice- 
ratio effects; pipe and nozzle relative roughness remaining the 
same. 

The writer has been working for some time on a method of 
predicting coefficients, and finds that there is a definite relation 
between the ratio of “‘surface area’’ washed by the fluid between 
taps, to the area of throat, and the coefficient at any Reynolds 
number. The relative loss, or (1 — C), is directly related to the 
pipe flow friction. The writer has for some time used the co- 
ordinates (1 — C) vs. dvp/u on double-log paper. Mr. Ed Smith 
has also used the same type of coordinates. It gives some very 
very valuable analytical indications which the semi-log graph of 
C vs. dvp/u is incapable of showing. 

One other point in nozzle testing has not been given sufficient 
attention. On a curve showing throat Reynolds’ number, we 
would expect complete viscous flow below R = 1200. But above 
that point, the nozzle is in mixed flow until the upstream section 
also is fully turbulent. With an orifice ratio of 0.50, the mini- 
mum value of throat R for complete turbulence is 2500, and 
higher for smaller ratios. In addition, there is apparently a 
stronger tendency for a convergent nozzle to stay in the viscous 
region at higher values than in parallel sided pipe. As a 
consequence, many nozzles tested by Mr. Buckland and others 
cannot be safely considered in fully turbulent flow until values 
of possibly R = 30,000 to 40,000 have been passed. There 
is, therefore, a considerable range in which the flow is some- 
what unstabie, and the scatter of test points will usually be a 
little wider. 

With regard to a supposed critical Reynolds’ number at which 
the coefficient becomes constant, the writer is inclined to doubt 
any such value of R as 105. In pipe flow, such flattening does 
not take place until R = 2 X 10° to 4 X 10°. What appears 
to be a flat coefficient is merely due to rate of change much 
smaller than the test accuracy can show. A logarithmic graph 
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of (1 — C) shows this condition very plainly. A sloping line at 
11 deg or 12 deg, corresponding to the smooth-pipe conditions, 
will fit this cloud of points quite as well as a horizontal line. In 
this region, a precision of plus or minus 0.5 per cent in the tests 
means a variation of 40 to 80 per cent of (1—C). Itis, of course, 
futile at present to attempt to prove this point, until still better 
test accuracy can be attained. 

The A.S.M.E. Special Research Committee is undertaking an 
extensive program of investigation on this subject, with the 
original intention of comparing the proposed I.S.A. or Witte 
nozzle, with the type discussed in Mr. Buckland’s paper. In 
order to determine more closely those factors not too clearly 
defined at present, such as roughness and diameter-ratio effects, 
the program will cover full-range tests on a preferred-number 
series of both sizes and ratios, with geometric similarity as fully 
developed as possible. Tests will be made in full with water, 
but duplicated so far as necessary with steam and air. Funds 
for this work are to be collected, as is usual in A.S.M.E. research 
undertakings, from interested industries. 


W.S. Cooper.’ The writer believes that Mr. Buckland should 
have given more data on the performance of these nozzles in 
actual field tests. High order of accuracy in measuring flow- 
rates is demanded on acceptance tests by builders and purchasers 
of turbine and boiler-room equipment, and direct measurement 
(by weighing) of condensate and feed-water flow rates has hereto- 
fore been considered the only reliable means. After all, the field 


of application of the nozzle will lie in the replacement of the more 
expensive direct-weighing method, and it is under such circum- 
stances that a knowledge of the nozzle’s performance characteris- 
tics is desired. 

There is doubt in the writer’s mind as to whether such ac- 
curacy as claimed by the author with laboratory tests could be 
obtained with the piping situation usually encountered in the 


average power plant. Furthermore, liquid flow in most power- 
plant piping is of a pulsating nature since the fluids are handled 
either by centrifugal or by reciprocating pumps. Pulsation was 
probably entirely absent or eliminated in the laboratory tests 
where the fluid was probably supplied by standpipes. 

The writer had occasion recently to conduct field tests on one 
of the General Electric Company’s nozzles described by the 
author. This nozzle was the one with proportions shown in the 
seventh line of Table 1 in Mr. Buckland’s paper, namely, the 
12.0l-in. X 5.016-in. nozzle. The laboratory test results re- 
ported by the author for this nozzle are shown in his Fig. 8, the 
plotted points appearing as plus signs. The writer’s tests were 
conducted in conjunction with two condenser acceptance tests 
where the main condensate was weighed with an accuracy within 
0.1 per cent on carefully calibrated scales. 

The nozzle was inserted in series with the 12-in. main conden- 
sate test header which delivered the condensate from the con- 
denser under test to the weighing tanks. With respect to the 
piping, the nozzle was located in as favorable a situation as will 
be found in the field. The nozzle was inserted at a point corre- 
sponding to about 110 ft of approach piping (which would tend to 
minimize pulsation) and the nozzle itself was preceded by 14 ft of 
straight piping of uniform size. The downstream side of the 
nozzle consisted of 71/, ft before the first obstruction was reached. 

The pressure differential across the nozzle was read from two 
mercurial single-column cistern-type manometers. Both manome- 
ters were connected to the same upstream static-pressure tap 
located in a horizontal plane 12 in. before the entrance edge of the 
nozzle. The low-pressure side of one manometer was connected 
through an internal port to the piezometer ring in the throat of 


7 Research Bureau, Brooklyn Edison Company, Brooklyn, N. Y- 
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the nozzle, while the low-pressure side of the other manometer 
was connected to a downstream static tap in the pipe at a trans- 
verse plane passing through the discharge end of the nozzle. This 
double arrangement was furnished to provide check readings of 
the nozzle differential. Each manometer was read by a separate 
observer. It was found that there was practically no difference 
between the two sets of readings. 

The results of the writer’s test are shown in Fig. 4 of this dis- 
cussion. The horizontal line at C = 0.994 is that portion of the 
author’s blanket curve from his Fig. 8 that applies to the range 
of Reynolds’ number used by the writer. The plotted points 
indicate the spread of the nozzle coefficient, C, as determined 
under field conditions. The estimated maximum error on this 
field test is about 2.4 per cent and the estimated probable error is 
0.5 per cent. It should be noted, however, that these field results 
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were obtained under unusually favorable circumstances. It is 
probably true that in the average run of cases where the nozzle 
could be used, results would not be so reliable as in this case. 


Sanrorp A. Moss® and W. W. Jounson.* There are of course 
a good many ways in which flow may be measured with laboratory 
precision, and the paper by Mr. Buckland is a good example of 
one of them. It is to be noted that the work waa carried out 
with great care and with a test set-up especially made for the flow 
measurement, and with all details arranged so that certainty of 
accuracy was the primary consideration. This puts the work in a 
wholly different territory from flow measurement made by the 
usual commercial flow meter which must be suitable for per- 
manent, simple installation and maintenance in a commercial 
pipe line with a small pressure drop, and with an instrument 
which gives direct reading of flow. None of these considerations 
can be allowed to influence the precise flow measurement with 
certainty of accuracy, which is the author’s purpose. 

Of course, future research may show that some of the details 
used by the author’might be altered to give as nearly as possible, 

® Research” Engineer, General Electric Company, West Lynn, 


Mass. Mem.’A.S.M.E. 
* Mechanical Engineer, General Electric Company, West Lynn. 


Mass. Mem. A.S.M.E. 
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measurements corresponding to theoretical flow. For instance, it 
might be that the throat taps should have a longer parallel por- 
tion, such as is shown in the author’s Fig. 4 or Fig. 12. However, 
the close agreement of the author’s points shows that his throat- 
tap measurements must be very good. His Fig. 9 shows a very 
close agreement between flow coefficients for different values of m, 
the ratio of nozzle to pipe area. This seems to indicate that the 
theoretical allowance for velocity of approach takes full account 
of the effect of pipe diameter, with the possible exception of the 
1/, per cent mentioned which is much less than the errors of ob- 
servation. The spread of the curves in Fig. 11 of Mr. Buckland’s 
paper is evidence in the discussion as to whether or not Reynolds’ 
number is a proper criterion for abscissas for flow coefficients for 
different conditions, as was discussed in the Moss-Johnson paper 
referred to by the author. We thought that our tests with 
different temperatures and pressures of steam were brought to- 
gether better by using differential pressure divided by absolute 
initial pressure as abscissas, and it has also been proposed to use 
head as abscissas. The droop of the Moss-Johnson curve, No. 1 
in Fig. 11, may be due to some such considerations. It must, 
of course, be admitted that it may also be due to observational 
irregularities because of the very smail flow and small differential 
pressures at the beginning of the curve. Some of the data given 
in the Moss-Johnson paper seem to indicate that there was a 
definite difference in the coefficient with throat taps and with 
pipe taps, such as for the author’s Fig. 13 and that with pipe 
taps the discharge coefficients are lower. This being the case, 
the flow coefficients for Fig. 13 seem very high. 


E, D. Dicxinson.'® Mr. Buckland’s paper is a confirmation 
of the principles behind the growing opinion that precise measure- 
ments of fluids can be obtained by the use of properly propor- 
tioned nozzles. The proportions of the nozzle itself constitute 
but one factor contributing to the accuracy of the results. It is 
essential that certain precautions be taken. When these pre- 
cautions are taken, tests can be reproduced with absolute fidelity 
and the results can be depended upon to be as accurate as 
laboratory tests. 

I do not hold a brief for any particular method of measuring 
flow by nozzles. However, I have relied upon the flow nozzle for 
obtaining accurate measurements of steam flow for a period of 
years and the results have confirmed my contention that precise 
measurements of flow can be obtained with greater reliability and 
at less cost by the use of a nozzle similar to that described by 
Mr. Buckland than by any other recognized method. We have 
run a great many tests, both of research nature and on commercial 
machines, where precise results were obtained and valuable 
information secured that could not have been possible had we not 
had at our disposal a calibrated flow nozzle similar to Mr. B. O. 
Buckland’s and as described by Dr. S. A. Moss and Mr. 
W. W. Johnson in their paper‘ presented at the A.S.M.E. Annual 
Meeting in December, 1932. 


AvuTHOR’s CLOSURE 


Ronald B. Smith states that Stach’s tests (on the coefficients 
of the V.D.I. Normdiise discharging into the atmosphere) show 
less than 0.3 per cent difference between measurements of the 
I.S.A. nozzle when discharging freely and when operating in a 
pipe with the usual corner taps. He summarizes the situation 
by saying that the result of Stach’s work is to indicate that the 
pressure measurement in the downstream corner is equivalent to 
the pressure for discharge into an infinite chamber. 

I cannot agree with Mr. Smith’s interpretation of Stach’s data. 
‘The data show clearly that the coefficient of the Normdiise is the 


10 Designing Engineer, Turbine Engineering Department, General 
Electric Company, West Lynn, Mass. Mem. A.S.M.E. 


255 


same when discharging into the atmosphere as it is when installed 
in a pipe when the downstream pressure is measured at the 
point of minimum pressure on the pipe wall. In order to clear up 
this point I shall reproduce Stach’s calibration results together 
with Witte’s measurements of pressure difference between the 
point of minimum pressure on the pipe wall and the downstream 
corner tap. Table 1 of this discussion shows flow coefficients and 
pressure differences taken from the papers by Witte and Stach. 


TABLE 1 FLOW COEFFICIENTS AND PRESSURE DIFFERENCES 
ON THE V.D.I. NOZZLE AS GIVEN BY WITTE AND STACH 


Press. 

diff. A aa am = 
m (Witte) a (Stach) a— 4/2 
0.10 0.010 0.989 0.984 0.984 
0.20 0.016 0.999 0.993 0.991 
0.30 0.020 1.016 1.010 1.006 
0.40 0.023 1.045 1.036 1.034 
0.50 0.026 1.096 1.078 1.083 


is the ratio of nozzle area to pipe area. 

is the difference between the downstream corner-tap pressure and the 

minimum pressure on the pipe wall expressed as a fraction of the 

difference between the up- and downstream corner-tap pressures. 

a is the flow coefficient of the Normdiise in a pipe, using corner taps. 

aa_ is the flow coefficient when discharging into atmosphere, using upstream 
corner tap and the atmosphere. 

am is the flow coefficient using the upstream corner tap and the minimum 
pressure on the pipe wall. It is obtained by subtracting A/2 from a, 

since the fraction A is nearly twice as large as the difference produced 

in the coefficient by using the minimum pressure on the pipe wall 

instead of the corner-tap pressure. 


A comparison of a, and a,, shows them to be about equal, 
much more closely so than are a and a@,. I, therefore, conclude 
that the coefficient of the Normdiise is the same when discharg- 
ing into the atmosphere as it is when installed in a pipe with the 
downstream pressure measured at the point of minimum 
pressure on the pipe wall. 

Mr. Smith states that the relative magnitudes in Fig. 14 of the 
paper are misleading. As defined in the paper this figure is a 
comparison of the coefficient curve of the G. E. nozzle with 
the coefficient curve of the V.D.I. Normdiise. The V.D.I. 
nozzle coefficients have been corrected to what they would be if 
the upstream pressure had been measured one pipe diameter up- 
stream from the nozzle face and the downstream pressure at the 
point of minimum pressure on the pipe wall. As Mr. Smith 
points out, Witte'! compared the two nozzles by calibrating them 
both with corner pressure taps. Witte finds that under these 
conditions the coefficient of the G. E. nozzle is '/; per cent lower 
than that of the V.D.I. nozzles. It is true, that in thelight of these 
recent tests by Witte, Fig. 14 of the paper shows too large a 
difference between the two coefficients in the range where the 
coefficients are independent of Reynolds’ number. It is also 
true that in accordance with the Bureau of Standards tests the 
magnitude of this difference shown in Fig. 14 is correct. However, 
whatever the correct relation between the coefficients may be in 
the range where they are independent of Reynolds’ number, the 
same variation of the coefficients with Reynolds’ number is given 
by Witte as is shown in Fig. 14. The coefficient of the V.D.I. 
nozzle rises much more abruptly with increasing Reynolds’ 
number than that of the G.E. nozzles between Reynolds’ numbers 
of 10* and 10°. 

It should be of interest to note in this connection that the usual 
conditions met in testing a 10,000-kw turbine will require the use 
of a flow nozzle about 1'/, in. in diameter in a 4 in. pipe, and the 
operation of the nozzle in a range of Reynolds’ numbers from 10* 
to 105. This is very close to m = 0.09 and right in the range of the 
rapid rise of coefficient of the Normdiise. With Reynolds’ 
numbers higher than this range, the Normdiise is as useful for 
flow measurements as any other carefully calibrated device but 


11 ‘Neuere Mengenstrommessungen zur Normung von Diisen und 
Blenden,"’ by R. Witte, Forschung auf dem Gebiete des Ingenieurwesens, 
September-October, 1934. 
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at this point of rapid rise in coefficient I would rather use a 
different nozzle. 

I want to thank Mr. Smith for his data on the pressure distribu- 
tion along the pipe wall on the Moss-Johnson nozzle. 

I would like to thank Mr. Sprenkle for his data on the 3 X 
1.8-in. nozzle. It would be interesting to have the dimensions 
showing the location of Mr. Sprenkle’s pressure taps so that his 
data could be more readily compared with other available data. 

I want to thank Mr. Pigott for his suggestion regarding a 
method of plotting flow coefficients. 

In answer to Mr. Cooper’s question regarding the use of the 
nozzles in the field, I have made seven turbine-performance 
tests in which the flow was measured only by means of flow 
nozzles. In these tests none of the Btu-rate or water-rate 
points scattered from an average curve more than + !/2 per cent. 
Each of these tests consists of approximately 15 or more points. 
These results obtained by the use of flow nozzles are much more 
satisfactory than the example shown by Mr. Cooper. 

In the case he cites (The performance tests of the turbine units 
Nos. 7 and 8 of the Brooklyn Edison Company at Hudson 
Avenue), the main object was the measurement of the 
turbine and condenser performance by means of weigh tanks. 
The flow nozzle was a secondary consideration and was, there- 
fore, neglected. It was not until the tests of the second unit that 
readings on the manometer were taken often enough. The points 
of the test on the second unit (No. 8) are in my opinion the only 
acceptable ones. In fact I would rather use only the last 6 of 
these. During these last 6 points the manometers were read 
every '/. min. If Mr. Cooper will consider only the points 
taken on the second unit (No. 8) the results will check our 
calibration curve much closer. These points are given in Table 2 
of this discussion. 


TABLE 2 FLOW COEFFICIENTS OF 12 IN. ¥ 5 IN. NOZZLE AS 
DETERMINED BY WEIGH TANKS DURING A TURBINE TEST 
Coefficient 
Logio of f 


0.99 
0.¢ 
0. 
0. 
0. 
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TABLE 3_ CALIBRATION RESULTS OF A 2.8812-IN. X 5.762-IN. 
FLOW NOZZLE (WATER TEMPERATURE, 69 F) 


(Data by Prof. W. 8. Pardoe) 


Coefficient Reynolds’ number 


In the use of flow nozzles for precise testing it is absolutely 
essential that the fluctuations in flow be slow enough for the 
manometer to follow the pressure changes and also for the 
observers to follow the manometer. I have not yet found a plant 
where these conditions could not be satisfied by some extra ma- 
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nipulation, as for example, either operating the pumps at different 
suction levels or using hand control of the flow. 

It is true that, with respect to the location, the installation of 
the nozzle during the tests referred to by Mr. Cooper was en- 
tirely satisfactory but the conditions of flow during these tests 
were not. The flow fluctuated rather widely and rapidly. 

Dr. Moss will be interested in the calibration results given 
in Table 3 on a new nozzle in which the pressure taps are brought 
straight out from the throat. 

Mr. Dickinson’s statement that the fluid nozzle is a practical 
device for testing turbines confirms my own experience. 

Since writing this paper, I have obtained a calibration on a 
2.8812-in. X 5.762-in. nozzle. This nozzle was welded into a 
9-ft length of seamless steel tubing. It was made with four 
separate throat taps and a flat exit face very much like the 
nozzle shown in Fig. 12 of the paper. The nozzle and the tube 
were calibrated together. Table 3 gives the results of the cali- 
bration. 


Flow Distribution in Forced-Cir- 
culation Once-Through Steam 
Generators! 


H. J. Kerr.? The authors’ paper confirms and extends the 
information presented by the writer in his paper,’ “Once-Through 
Series Boiler for 1500 to 5000 Lb Pressure,” in which the effect 
of inlet feedwater and outlet steam temperature on the insta- 
bility of circuits was shown in diagrams. The value of resis- 
tances in stabilizing the flow and to compensate for unequal heat 
absorption in the different circuits was pointed out. 

With reference to the authors’ paper, the freedom from de- 
posits in the test apparatus above 2500 lb pressure, irrespective 
of steam temperature, is worthy of note. Does this mean that 
above this pressure, steam to turbines will not need to show a 
purity represented by a resistance of 1,000,000 ohms to permit of 
continuous operation? 

In determining the friction factor for a given Reynolds’ num- 
ber, the authors have used a straight-line projection on logarith- 
mic coordinates of the known viscosity values of water up to 320 
F. Probably this is a fair approximation though it does not 
agree, above 500 F, with Hevesy’s values as given in Landolt and 
Bornstein tables. There may be some question as to the special 
point shown in Fig. 4 of the paper being discussed, checking in 
the case of steam as it apparently does with water. 

Dealing with the question of stability in the boiler proper, the 
authors, in Fig. 8, show the effect of inlet-water temperature. 
These curves can be considered as a magnification of a small 
section of the curves in Fig. 7 of the writer’s paper® previously 
referred to. I believe it would be clearer if the curves were 
extended over a greater temperature range, thus showing the 
reversal of direction which takes place, as it is, of course, impos- 
sible for the 200-F water curve to continue indefinitely in the 
direction shown, although it will continue in this direction until 
the tube is burned. 

Fig. 9 of the paper under discussion shows the value of re- 
sistances in stabilizing flow. I have found, however, after talk- 
ing to several engineers, that the significance of the dropping 
pressure with increasing enthalpy is not well understood. Per- 
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H. J. Kerr, Trans. A.S.M.E., vol. 54, 1932, paper RP-54-1a. 
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haps the authors would be willing to explain this further in their 
closure. 

Referring again to the authors’ paper, Figs. 11 and 12 show 
quite clearly the effect of equalizers on stability in various 
locations. In this connection, Fig. 12, circuit C, shows the 
effect of unequal heat application to any superheater. This 
figure indicates that a change in heat application, to different 
circuits, of the order of plus or minus 5 per cent from the average, 
produces a change in enthalpy in the leaving steam of some 40 
Btu or a change in temperature of some 70 deg. This condi- 
tion prevails with any superheater and necessitates careful design 
of the unit to prevent this variation from reaching serious propor- 
tions. Fig. 14 shows clearly that properly designed series-type 
boilers do not need to be operated at the critical pressure. 

In general, the authors’ conclusions cannot be disputed, 
provided that in (1) a limit is placed on inlet feedwater and out- 
let steam temperature; in (2) the added work on the feed pump 
due to resistance will not be serious in a properly designed boiler; 
in (3) and (5) the tubes are horizontal or proceed upward. Per- 
haps (4) should read more definitely, “Economizer and super- 
heater circuits are definitely stable.”’ 

I agree with the authors that a unit designed with a separator 
drum at the end of the evaporating zone simplifies the problem 
of once-through series boilers. This type can be considered as the 
end point of the steaming-economizer units, many of which are 
now in service. We have built and operated such units to the end 
point. 

There are, however, certain advantages in the straight- 
through unit without drums for high pressures. The problems 
involved are stabilization of flow, feedwater, and control. 


R. C. H. Heck.‘ The authors have shown excellent judgment 
in places where a choice of procedure had to be made, as in propor- 
tioning between liquid and vapor for the mixed current, Fig. 6. 
It is interesting, as well as technically valuable, to have a theoreti- 
cal discussion give so clear and consistent a reason for instability 
already observed in the vaporizing section of the fluid path. 

The following questions concerning the flow of liquid water 
came up while reading the paper: (1) What is the length of the 
tube section used for the experimental determination of Table 1? 
(2) Does the survey of data on the viscosity of water up to 320 F 
agree in results with the tabulation in International Critical 
Tables, converted to fahrenheit base by McAdams in his Heat 
Transmission? (3) May we have a formula or plot of the extra- 
polation beyond 320 F? 


Avutuors’ CLOSURE 


Referring to the questions raised by Professor Heck, the di- 
mensions of the test section which was used for measuring fric- 
tion factors are shown in Figs. 1 and 2, of the paper. The dis- 
tance between piezometer connections is four feet. 

The data on the viscosity of water at temperatures up to 320 
F, as given in the International Critical Tables, have been con- 
verted to fahrenheit base by McAdams in his book, ‘“‘Heat Trans- 
mission,’ and these were used by the authors in calculating the 
results which are presented in the paper. The data are plotted 
in the accompanying Fig. 1 as a solid line with the extrapolated 
curve indicated as a dotted line. 

Mr. Kerr refers to the data on the viscosity of water by G. von 
Hevesy (‘Die Beweglichkeit der Ionen, die dem Lésungsmittel 
Eigen Sind,” published in Zeitschrift fiir Electrochemie, Vol. 27, 
January, 1921). Hevesy states definitely that the values for 
the viscosity of water were determined experimentally at a maxi- 
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mum temperature of 156 C and that values for the higher tem- 
peratures were calculated on the assumption that there is a rela- 
tionship between viscosity and electrical conductivity. Experi- 
ments have failed to establish the validity of this assumption 
and his data are not given in the International Critical Tables. 

Mr. Kerr suggests that the author’s Fig. 8 should be extended 


to higher temperatures. The maximum ordinate of these curves 
is 1000 F which is the upper limit of the Keenan steam tables. 
Extension of these curves to higher temperatures would involve 
either direct extrapolation of the curves or extrapolation of the 
steam-table data. The authors prefer to confine their calcula- 
tions and curves to the range of the steam tables. 

Mr. Kerr suggests that the significance of the decreasing pres- 
sure drop with increasing enthalpy, as shown in Fig. 9, should be 
explained in more detail. These curves were calculated by as- 
suming 400 F feedwater, 2500 lb per sq in. outlet pressure and 
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constant heat input. Pressure drops were calculated for flow 
rates sufficient to give final steam temperatures of 670 to 1000 F. 
The left curve which is nearly vertical, indicates that high flow 
rates, resulting in low final steam temperatures, will produce 
practically the same pressure drop as low flow rates and high final 
steam temperatures. In other words, several parallel circuits 
which have equal pressure drops and equal heat absorption may 
deliver steam at widely different flow rates and final steam tem- 
peratures. Such circuits are unstable and overheated tubes may 
be expected. The addition of an inlet resistance which is sup- 
plied with water at a constant temperature and therefore has a 
pressure drop which is approximately proportional to the square 
of the flow rate, has a stabilizing effect on circuits in which the 
pressure drop is nearly independent of flow. The pressure drop 
through the combined circuit varies as some power of the flow 
rate which approaches two as the value of the inlet resistance is 
increased, as shown in Fig. 9. The farther these curves depart 
from the vertical, the greater will be the change in pressure drop 
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required to alter the flow and the final steam temperature, and 
the greater will be the stability of the circuit. 

It is a source of gratification to the authors that their conclu- 
sions are substantiated by the extensive experience of Mr. Kerr. 


Current Practice in Surface 
Broaching' 


In view of the advantages of surface 
broaching as shown by the examples brought out in Mr. Gesche- 
lin’s paper a question naturally arises as to why this method has 
not been more universally used. Before attempting to answer 
that question it might be well to analyze the various advantages 
of surface broaching. 

The most important advantage is the extreme rapidity of the 
operation, as compared with other methods, resulting in lower 
labor cost, etc. The very low time per piece usually obtainable 
by surface broaching is traceable to two main reasons. 

The first of these is that a work piece can usually be chucked 
more quickly for broaching than it can be chucked for milling. 
This is due to the fact that the forces set up by broaching are in 
two very definite directions, one in line with and one normal to 
the path of the broach. The holding and clamping of the piece is, 
therefore, greatly simplified. In many cases no clamping at all 
is necessary. For example, the Houde shock-absorber part 
shown in Fig. 15 of Mr. Geschelin’s paper is not clamped at all. 
Hence on many broaching operations the handling time of the 
work is greatly reduced over that necessary for other methods. 
The second reason for the low unit time for surface broaching is 
due to the rate of speed at which the cutter passes over the work. 
This rate is from 12 to 25 or more times as fast as the rate used 
in milling. In both cases the distance traveled is equal to the 
length of the cut plus the distance across the cutter. This latter 
is considerably greater for a broach than for a milling cutter but 
the speed more than makes up for the difference, with the result 
that the cutting time for the broaching method is considerably 
faster than for milling. 

A second important advantage of the broaching method lies 
in the low tool cost usually obtained. In comparison with 
milling, the first cost of the broaching tools is rather high. Where 
face mills are used for milling operations, the difference in original 
cost of cutting tools is rather obvious; where complicated cutter 
gangs are used on milling it is not quite so obvious, but even so, 
the first cost of the milling-cutter set-up is rather less than that 
of the broach. The milling cutters themselves on the arbor may 
be compared to the broach inserts and, generally speaking, the 
cost of the inserts is more than the cost of the milling cutters. 
However, the cutter arbor and the spacing collars for the milling- 
cutter gang, which perform the same functions of supporting 
and properly locating the cutting tools proper as the subplates 
and inserts on the broaching set-up, cost considerably less. As a 
result the first cost of tooling equipment on a broaching machine 
is generally more expensive than the first cost on the milling 
machine. This is, of course, to some extent offset by the fact that 
the holding fixtures are usually cheaper on the broach. How- 
ever, when it comes to comparing the total actual cost of the 
tools when used on high production, the broaching tools show a 
much lower total cost. This is due, of course, to the extremely 
long life between grinds obtainable on the broach. The broach- 
ing cutters usually run for days while the milling gang runs for 
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hours. Very interesting figures are given by E. S. Chapman, Presi- 
dent of the Amplex Mfg. Company, in his paper presented at 
the Production Meeting of the Society of Automotive Engineers 
on October 11, 1934. In two cases where direct comparisons 
could be made, the broaching-tool cost was one-third of the 
milling-cutter cost in one case and one-ninth of the milling-cutter 
cost in the other case. All of the broaching-tool costs mentioned 
by Mr. Chapman were rather low in cost per piece, varying from 
$0.0036 in the highest case down to as low as $0.00057 in the other 
case. 

The long cutter life resulting in these low tool costs is due to a 
number of factors, among which may be mentioned the rigidity 
of the average set-up, and the fact that the tooth on the broach, 
taking a chip of constant thickness, does not have to build up 
that chip from zero thickness to a maximum, as is the case with 
the ordinary milling cut. Since the broaching cutter moves in a 
straight line, it is not necessary to provide a clearance angle 
that will prevent dragging on the heel of the cutting land. This 
allows the use of lower clearance and rake angles. The result 
is a stronger cutting edge and one which is also capable of dis- 
sipating heat a little more rapidly. Another reason for long 
cutter life lies in the fact that the broaching cutter operates at 
about half or less the cutting speed of the milling cutter. When 
cutting materials require the use of a coolant, it is very easy to 
apply this coolant to a broaching cutter. In the case of a milling 
cutter, centrifugal action makes it difficult to get the coolant 
where it will do the most good. Another and very important 
reason for the long life of broaching tools is the fact that the rough- 
ing teeth remove the metal and the finishing teeth do the finish- 
ing. It is quite frequently necessary to sharpen the milling 
cutter which is still capable of removing metal, simply because 
the finish produced is not satisfactory, the teeth having been 
damaged by the roughing. On the other hand, on the broaching 
cutter the finishing teeth remove a minimum of stock, do not 
encounter any scale, generally speaking, and should naturally last 
much longer. 

Another advantage of the broaching method lies in the facts 
that the machine employed is of simple construction, that its 
fixtures have a low first cost, and that the total investment re- 
quired for a given production is generally lower with broaching 
equipment than it is with milling equipment. 

A fourth advantage is effected as a result of the simplicity of 
the broaching equipment, inasmuch as this makes for low main- 
tenance costs. 

When we consider the foregoing advantages we are surprised, 
therefore, to find that this method has been restricted almost 
entirely to the automotive and other high-production industries. 

An analysis of some of the operations quoted will show, per- 
haps, the reason for this fact. Published data reveal the fact 
that stock removed by the broaching operation apparently does 
not exceed a maximum of !/,in. at any time. Another interest- 
ing observation which may be made is that in almost every 
case where broaching equipment is used, the stock is removed 
from a forging or from a surface which has been machined pre- 
viously and that in very few cases is stock removed from castings 
where much variance in stock removal is to be expected. In other 
words it is apparent that the broaching method has been applied 
to parts where, first, comparatively little stock is removed (!/, in. 
or less but usually around '/s in.) and, second, where this stock 
removal is held within fairly close limits. Now it is only in high- 
production industries that rough parts come through which 
require an average stock removal of !/s in. or less; industries with 
comparatively low-production volumes not being able to afford 
either forging dies or patterns and foundry equipment required to 
hold a part to set limits. As a result their parts come through 
with as much as '/, in. stock. The removal of this large amount 
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of stock, plus the fact that it may vary, has two main effects upon 
the economic use of the broaching method. 

The first of these is evidenced in the fact that removal of the 
additional stock means increasing the stroke of the broaching 
machine, thus necessitating a larger machine for this purpose. 
The length of travel of the cutter past the work either in the 
case of a milling machine or a broaching machine is equal to the 
length of the work piece plus the distance across the tool. In the 
case of a milling machine this distance is constant regardless of 
how much stock there is to be taken off; if excess stock is en- 
countered, the operator of the milling machine can get through 
the cut with very little difficulty by slowing down his feed rate. 
On a broaching operation, however, if a piece of work which 
normally has '/s-in. stock on it and requires a broach 30 in. long, 
came through with '/, in. of stock to be removed, a broach 60 in. 
long should be provided which, of course, almost doubles the 
length of the travel required to produce the piece. This indi- 
cates that the broaching force remains the same and the speed 
of the broach travel remains the same, but the distance of the 
travel has to be much more. This, therefore, means a much 
larger machine because of the greatly increased stroke. 

The second main effect that the removal of large amounts of 
stock has on the use of the broaching method is one concerning 
the time for passing each piece over the machine, the time being 
controlled by the broaching tool which must be designed to take 
care of the maximum amount of stock. In the case of a milling 
operation the removal of additional stock has no particular effect 
on the cutter, the cut is simply taken at a slower feed rate, with no 
bad effects, as a rule, on the cutter itself. However, in the case 
of a broach operation, if the broaching tool is designed for re- 
moving a maximum of !/s-in. stock and a piece is encountered 
having !/, in. stock, that extra '/s in. must be taken off by the 
first tooth of the broach which, being practically impossible, in- 
volves considerable hazard. Extra unlooked for amounts of 
stock, therefore, may, and do, quite frequently cause breakage 
of the tools and the work. Therefore, the only safe way to design 
broaching equipment is to design the broaching tools for the 
maximum amount of stock which is to be expected and to 
provide a machine with sufficient stroke to take care of this 
maximum amount of stock. This means, of course, that the 
time for each piece passed over the machine is the same for the 
piece that has the maximum amount of stock. On the other 
hand, on the milling machine most of the pieces are produced 
at the high rate of production and only the occasional piece with 
the excess stock is produced at the lower feed rate. 

These economic considerations are exemplified by the sectional 
broach shown in Fig. 3 of Mr. Geschelin’s paper, wherein the 
broach is designed for a 48-in. stroke, the broaching cut being 
about 42 in. long. This length is required because of the neces- 
sity of sometimes removing as much as 7/3 in. stock which in 
turn is necessary because this first broaching operation is used 
as a corrective operation for the weight and balance of connect- 
ing rod being produced. If it were possible to hold all of the 
connecting rods to a stock removal of only '/s in., this job could 
be done at a considerably faster rate or a much smaller machine 
could be used. As the operation is at present set up, about 90 
per cent of the connecting rods are machined only by the last 
few sections of the broaching tool. 

It would appear, therefore, that the increase in use of surface- 
broaching machines is going to depend more or less upon the 
development in the low-production industries of forging and 
foundry practice to a point where the amount of stock to be re- 
moved and the variation in the amount of stock from piece to 
piece is held to fairly close limits. 

Another thing that militates against the use of a broaching 
method in low-production industries is the rather high cost of the 
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tooling equipment. The broach holders, subplates (particularly 
if they are provided with wedge adjustment), and inserts cost 
considerably more than arbor gangs and the amortization of 
these extra costs over the expected quantity of pieces to be 
produced usually makes a broaching operation for alimited number 
of pieces, when analyzed to include this factor, considerably 
greater than the milling method; although the actual labor cost to 
perform the operation is much lower by broaching. Another 
point to be considered is that even in high production there are 
many pieces the shape of which preclude the use of the broach. 
In order to broach a surface on any part, the surface must lie in 
such a position on the work that a broach of considerable length 
can be passed across it. Sometimes it is not possible to meet 
this condition which eliminates the broach possibility. 

In conclusion we would say that the determination of whether a 
given operation should be performed by broaching or milling can 
only be made after a careful analysis of both methods taking all 
factors into consideration, both from a mechanical standpoint 
and from the standpoint of the economic factors involved, which 
analysis, of course, requires a rather complete knowledge of both 
methods. 


Rosert T. Kent.*? The question has been raised as to the 
application of surface broaching to other than mass-production 
fields. The tenor of the discussion seems to incline to the idea 
that the cost of equipment will bar surface broaching unless 
production is in sufficient quantity to keep the equipment in 
operation for a major portion of the time. The writer is of the 
opinion that quantity of production has little or nothing to do 
with the question, except as one factor that must be considered 
along with others in arriving at the answer. The question is 
answered by determining what method of production gives the 
lowest unit cost. In ascertaining the unit cost, everything that 
enters into cost, such as operating cost, taxes, interest, repairs, 
maintenance, set-up time per piece, and others, must be con- 
sidered. When the problem is analyzed in this manner, there 
can be no question as to which method is best for any particular 
set of conditions. This method applies to all problems of pro- 
duction, as well as to surface broaching versus milling. 

The writer is fortified in this opinion by a case within his own 
experience. A machine that was distinctly mass-production 
equipment was offered for a certain class of work. The output 
of this machine was such that its production in three to five hours 
was sufficient to supply the manufacturer’s needs for the week. 
At first it seemed foolish to make an investment in equipment 
that would stand idle the greater portion of the time, but an 
analysis on the basis of unit costs showed that the investment 
was profitable and resulted in a net reduction of the overall cost of 
the work. 


Collapse by Instability of Thin 
Cylindrical Shells Under 


External Pressure’ 


G. C. Priester.? Equations developed from purely theoreti- 
cal and ideal conditions are often found to be too cumbersome for 
practical application. To develop an equation which will 
meet practical conditions and involve simple calculations to a 
limited degree of accuracy requires familiarity with the ideal re- 
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lationships and a working knowledge of its experimental limita- 
tions. 

The authors of this paper have given an excellent interpreta- 
tion of the theoretical formulas involved and have set up an em- 
pirical formula which conforms to the former. This is a decided 
advance in our present theory of the collapse of thin tubes under 
external pressure. 

In all problems of stress analysis it is desirable to have a com- 
plete theoretical analysis of the problem and sufficient experi- 
mental data to verify the general law. Whenever the experi- 
mental data fail to conform to the theoretical formula, either 
the theory is inadequate, or the methods of testing procedure have 
not been properly controlled. 

The authors have shown why their experimental results do not 
agree exactly with the theoretical values. They have set up an 
equation which takes into account the necessary theoretical con- 
siderations and which agrees, within practical limits, with experi- 
mental data. They have stated the limitations of the equation. 
The paper includes a detailed explanation of a method of proce- 
dure for the solution of a specific problem. 


W. Hoveaarp.’ In 1921 I drew the attention of the Bureau of 
Construction and Repair to the work done in this field by von 
Mises, von Sanden, and Giinther in connection with the design 
of German submarines during the War. Since then I have been 
in touch with the Experimental Model Basin regarding this 
matter, and have corresponded with Mr. Windenburg about it. 

The paper gives a review of all the formulas proposed for de- 
termining the strength of cylindrical tubes against collapse by 
instability and shows very clearly the relations between them. 
Von Mises’s formula, [6], is shown by the experiments to be the 
most accurate. 

The authors have, however, gone beyond the results attained 
by previous workers in this field by constructing a much simpler 
and yet quite accurate formula, given as [9]in the paper. _‘Fol- 
lowing von Mises, the envelope of the n-curves was obtained by 
differentiating formula [8] and eliminating n. But while von 
Mises applied this method to a simplified form of formula [8] so 
that it was valid only near the origin, Mr. Windenburg derived 
the formula by direct differentiation of formula [8] itself, and 
then by a skilful approximation simplifying the equation of the 
envelope. Mr. Windenburg also pointed out an error in von 
Mises formula, [2]. For the practical engineer formula [9] is 
of great value because it gives the critical pressure without a 
knowledge of n, whichcan be found independently from Equation 1. 
The experimental verification carried out by the Model Basin 
gives the engineer an assurance of the soundness of the formula. 

It appears, from Table 3, that for short vessels the formula 
gives a rather high value of the critical pressure and hence of the 
permissible working pressure. 


E. F. Mitier.‘ The paper explains the method in which the 
last draft of Proposed Rules for Construction of Unfired Vessels 
Subjected to External Pressure was reduced to such a simple 
usable form. The value of any technical contribution is mea- 
sured by its usefulness. When complex formulas can be sim- 
plified to such an extent by a series of approximations without 
appreciably affecting their accuracy, it represents a real contri- 
bution for the use of the design engineer. 

The proposed rules for construction of external-pressure ves- 
sels is limited in its scope to the simpler forms of vessels. The 
usefulness of the code would therefore be considerably extended 
by the inclusion of the major part of the present paper as an ap- 
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pendix to the code for use in designs that fall outside the scope 
of the proposed code. 


W. P. Roop.’ This paper effectively summarizes a large 
amount of valuable work. In connection with its use in design, 
the following questions occur to me: 

1 To what extent does existence of hard surface layers in the 
thin sheets used in the tests affect the experimental results? 

2 Is there any theoretical or experimental indication of de- 
flections exceeding those which would occur in simple compres- 
sion, due to elastic buckling below the yield point? The rigidity 
of other thin-metal structures with which I have recently been 
concerned is materially affected by such action. 

3 Is it possible to obtain a useful approximation describing 
the behavior of a flat plate under hydrostatic and coplanar load 
by considering D to approach an infinite value? 

4 Formula [9] is understood to represent a well substantiated 
result of experimental and theoretical analysis. Disregarding 
all questions of loss by corrosion, excess weight due to the re- 
quirements of convenience, and inadvertent departure from 
specifications, what margin is considered appropriate to cover 
the spread between ultimate and working pressures? The 
sources of uncertainty I have in mind are error in the formula, 
unhomogeneity of material, and risk of injury causing excessive 
out-of-roundness. 


C. O. Ruys.® This paper treats the three classes of tubes con- 
sidered in a convenient, thorough and clear manner. The way 
in which the different formulas agree with each other and with 
the results of experiments is very conclusive from the viewpoint of 
correctness and applicability. 

The one exception to the above is the large difference between 
formulas [A] and [B]. It is interesting to note that while [A] 
is derived from theoretical considerations for a radial load only, 
[B] is the result of experiments which appear to have been made 
on tubes subjected to both radial and axial loads. (See Trans. 
A.S.M.E., Vol. 53, paper APM-53-17b, p. 232.) It might be ex- 
pected that this difference in loading would affect the resulting 
formulas, but an inspection of Table 1 of the present paper shows 
that differences in collapsing pressure for the two kinds of loadings 
are only important for very short tubes and almost disappear when 
L/D=2. From the reference given above, it seems probable that 
[B] is based on data from a number of tubes for which L/D = 8 
or more. It can be seen from Fig. 1 that the critical length, 
which would correspond with n = 2, is in the region of L/D = 8 
to 10. All this appears to show that the difference between [A | 
and [B] is in no way dependent on the difference in loading, and 
emphasizes the importance of departures from a geometrically 
perfect form. 

Formula [9] is derived in a very interesting way from formula 
{8}. It automatically does away with the necessity for finding 
the proper value of n in formula [8] or in any of the other formu- 
las in which n appears. That it reduces to zero instead of to {A} 
when L becomes infinite, seems quite in order. As already 
pointed out formula [A] is for radial loads only while formula [9| 
is for both radial and axial loads. For the latter case, the load 
required to bring about failure would become almost nothing 
when the tube became very long; in fact, it would approach a 
very long column under a slight buckling load. 

As shown by Equation [28], for the proper set of coordinates, 
formula [9] becomes identical with Euler’s equation for long 
columns. This effect would not occur in the case of formula 
[A], which is independent of length. 

To put the matter in another way, formula [A] applies to tubes 
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beyond the critical length, and loaded with radial pressure only. 
Once the critical length (or length beyond which the collapsing 
section receives no support from the ends) is exceeded, the col- 
lapsing pressure is independent of length. 

Formula [9] and Equation [28] apply to tubes loaded with 
both radial and axial pressure. When the tube gets very long, 
it appears reasonable to suppose that the axial load would cause 
failure by buckling, as in a column, before the radial load would 
cause failure by the kind of collapse considered in formula [A]. 

The mathematical work in the derivation of formula [9] and 
in the determination of the number of lobes has been gone over 
and found to be correct. 


F. V. Harrman’ and R. G. Srurm.’ The several formulas 
given by the authors for the collapsing pressure of circular thin- 
walled tubes whose lengths are shorter than the critical length 
are all based on the ideal type of end constraint, namely, simply 
supported ends which “tend merely to maintain the circularity 
of the tube without restricting the slope of the tube walls.”’ 

There is some recognition given, to the fact that the ends of 
the walls may be fixed or restricted against the change in slope, 
but it is simply stated that such restraint makes for added safety. 
For certain proportions of cylinders the effect of fixity of the ends 
may amount to several times as much as the collapsing pressure 
of simply supported cylinders. Since in many cases economy 
demands that excessive unknown factors of safety be eliminated 
wherever possible, it seems that more consideration should be 
given to the effect of fixation on the strength of cylinders. 

The authors give 36 tests in confirmation of their final choice of 
a formula to be used in design of pressure vessels. | Unfortu- 
nately, however, there has been no mention made of what the 
conditions of the ends of the test specimens were. Such a com- 
parison may lead to the same difficulties as would be encountered 
in tests of columns whose end restraint is unknown. It should 
be appreciated that the way in which end fixity affects the 
strength of tubes is not the same as the way that end fixity af- 
fects the strength of columns, but for short tubes end fixity may 
be as important as it is for columns. Certainly one would not 
test a number of columns to compare with Euler’s theoretical 
column curve for columns with round ends by simply cutting 
columns to different lengths and testing them in a machine 
where the end conditions are unknown. 

From a study of reference 3 at the end of the paper, it is 
noted that some of the cylinders were relatively long with a 
number of intermediate wire stiffening rings, while others seemed 
to be unstiffened tubes. In this reference, a photograph of a 
tube 16 in. in diameter and 40 in. long with inside wire-frame 
stiffeners is shown. It is evident from the photograph that the 
shell tipped at the stiffener which seems to indicate that this 
form of stiffener offers very little restraint to the shell. It 
would be valuable to know if all of the specimens were sup- 
ported in this manner. 

In the photograph just referred to, the lengths of lobes 1 
and 2 appear to be longer than some of the other lobes. Since 
the lobe formation did not extend entirely around the shell it 
would be of interest if the authors would explain the method used 
in determining the number of lobes found by experiment. 

The out-of-roundness, while not emphasized in the present 
paper, is indicated in Table 3. It is interesting to note that for 
model no. 63 which is the case of maximum out-of-roundness rela- 
tive to thickness, the actual collapsing pressure by experiment 


7 Experimental Job Shop, Aluminum Company of America, New 
Kensington, Pa. Mem. A.S.M.E. 

8 Research Engineer Physicist, Aluminum Company of America, 
New Kensington, Pa. 


was 43 per cent greater than the critical pressure for an ideal tube 
computed by the recommended formula. For model no. 66, 
which has the least out-of-roundness relative to the thickness, 
the actual experimental result was only 84 per cent of that com- 
puted by formula [9]. It would seem likely that conditions 
other than out-of-roundness are responsible for the variations 
noted. Out-of-roundness expressed in relation to thickness 
seems to be misleading. On the basis of thickness, model no. 63 is 
about 16 times more out-of-round than model no. 66, but on basis 
of diameter, the former is only about 6 times more out-of-round 
than the latter. 

From Table 3, it may be noted that there is a general tendency 
for the collapsing pressure determined by experiment to be greater 
than that computed by formula [9] in the ranges where the col- 
lapsing pressure is small. In this range one usually expects to 
find the best agreement between theory and experiment. On 
the other hand, the experimental values are definitely less than 
the computed values in the higher ranges of collapsing pressure. 
Since some of these discrepancies are in the neighborhood of 40 
per cent, it seems that an explanation should be sought. Per- 
haps the conditions of end restraint may be the answer. 


D. B. Wesstrom.’ The authors have presented in a concise, 
logical, and convenient form a discussion of the more important 
formulas relating to external-pressure vessels subject to col- 
lapse by instability. The experimental results shown in Table 
3 and Fig. 2 are of immense value in demonstrating the soundness 
of applying these rational formulas to practical problems. 

The impression is given in the paper that formula [6] for tubes 
under both radial and axial pressure is on the side of safety in all 
cases, being slightly oversafe for tubes with radial pressure only, 
as represented by formula [1]. This is not strictly true for pres- 
sure-vessel design. Vacuum towers generally have internal 
equipment of considerable weight and sometimes have a large 
concentrated load of auxiliary equipment placed on the top head. 
In addition there are wind stresses which, while they vary as he 
distance from the neutral axis of the tower, may be considered 
fairly uniform over at least one or two lobe lengths of the circum- 
ference. The same may be said of deadweight stresses where 
vessels are supported horizontally. 

The longitudinal stresses due to deadweight and wind load 
may exceed the simple stress due to axial pressure, and in extreme 
cases may be several times the simple pressure stress. Thus for 
practical purposes formula [6] really represents only the average 
case, as does formula [9] likewise, and this justifies the use of a 
fairly high factor of safety in any general code for the design of 
such vessels. 

In discussing the ideal end conditions for tubes shorter than 
the critical length, the authors state that any fixation makes for 
added safety. It is probable that they have reference only to 
fixation against rotation. Fixation against radial contraction 
may have the opposite effect. In a vessel of ideal design, the 
stiffening rings will contract along with the shell although not to 
the same extent. If the stiffening rings were made heavier, the 
difference in radial contraction would be increased, and higher 
bending stresses would be set up in the shell plate at and near the 
points of support. It is a question whether they would be suffi- 
ciently high to lower the collapsing pressure, but certainly they 
do not make for added safety. 

The writer was interested in the fact that formulas [3] and [8] 
give values of p one-third higher than formula [A] when L be- 
comes infinite, and endeavored to find the reasons for this. In 
the case of formula [3] this is brought about by dropping the 
unity term within the first pair of brackets in formula [2]. When 
L becomes infinite the only members left within the brackets are 
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n?— 1, and as n equals only 2 under these conditions, the unity 
member compares favorably with n? and should be retained. For- 
mula [3] applied to a tube of infinite length would then check 
formula [A]. 

A similar situation arises in formula [8] because of too much 
simplification. Referring to formula [6], this is due partly to 
replacing n? — 1 by n? in the denominator at the end of the equa- 
tion, and partly to dropping the second and third terms within 
the braces. When written out, neglecting powers of » higher 
than the first, these terms become 


n? + = — 2n?— p (3 + w)n? +14 (1 +4) 
(3 + —1—u 


n? er 


The only simplification that might properly be made would be 
to neglect (—1— u) in the numerator of the third term in formula 
[a]. Otherwise the three terms should be retained within the 
braces in formula [6] in developing formula [8]; also the unity 
term in the aforementioned denominator should be kept. Under 
these conditions, formula [8] would check formula [A] for tubes 
of infinite length. 

It is noted that formulas [5] and [9] reduce to zero for tubes of 
infinite length. It is believed impossible to modify them to agree 
with formula [A] for this extreme case without robbing them of 
the simplicity which was sought in deriving them. Despite this, 
the writer believes that formula [9] of the U. S. Experimental 
Model Basin is an outstanding contribution to the subject, as 
evidenced by its agreement both with the theoretical exact 
formula [6] and with experimental results, as shown in Tables 2 


= —2n* + 1— 


and 3, respectively. Formula [9] has the added advantage that — 


a determination of n is unnecessary. The value of n is of little 
practical interest to the pressure-vessel designer. 

The authors make it clear that formula [9], along with the 
others, is applicable only to tubes shorter than the critical length 
where collapse will occur by instability. The writer feels this 
should be emphasized by some suggestions for determining the 
range of application of formula [9] for any given t/D ratio in a 
practical problem. Obviously one method is to calculate the 
collapsing pressure by simple crushing 


p = 2S(t/D) 


where S is the hoop stress at which failure by simple crushing is 
assumed to take place; also to calculate the collapsing pressure for 
a tube longer than the critical length, by formula [A] or [B]; 
and reject all values of p obtained from Equation [9] that do not 
lie within this range. 

Another method, in some respects more useful, is to determine 
the limiting values of L/D for which formula [9] can be applied. 
Setting formula [9] equal to formula [b] and solving, the lowest 
L/D value to be used in formula [9] is found to be 


L 3 [ 2.69 E (t/D) ] 
which for » = 0.3 becomes 
L 
- ows +3 


The highest L/D value to be used in formula [9] is found in a 
similar manner by placing this equation equal to formula [A] 


(5)...- 


1.21(1 — 0.45(t/D)4 
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Formula [e} varies but little over a wide range of u, and for » = 
0.3 reduces to 


L 1.18 


If formula [B] is used as the basis of comparison the constant. 
1.18 in formula [f]} is replaced by 1.56. In either case, the second 
term in formula [f] can be neglected. 

In cases where the most economical design consists in using the. 
minimum plate thickness, the required t/D ratio can be computed 
from formula [b] and the resulting value inserted in formula [d]. 
This will give the maximum value of L/D that can be used with- 
out entering the region of instability and thus making necessary 
the use of a heavier shell plate. 

Formula (d] and formula [f] with a constant of 1.56 have been 
tested against the chart in the A.S.M.E. Code rules in reference 
4 and found to check the intersections of the straight lines when 
prolonged. The straight lines on the chart are connected by 
transition curves, representing the intermediate region mentioned 
in the beginning of the paper. Thus these formulas do not check 
the chart exactly, but are useful in constructing such a chart, or 
similar charts. 


T. McL. Jasrer.’° The authors of the paper have presented 
experimental data which are associated with very slender tubes 
under collapsing conditions. The available data in this field are 
meager and those supplied by the authors are a welcome addition 
to the results available on very thin tubes. In such tubes, in 
general, unless they are relatively very short, the — 
properties of the steel do not enter into the problem. 

The writer’s work on collapse has been with commercial ion 
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Fig. BETWEEN MaximuM CoMPRESIVE STRESS AT 
COLLAPSING PRESSURE AND D/T ror HoMOGENEOUS TUBES 
oF Steet HavinG Various YIELD-PoINT VALUES 


Nore: Tubes are 4 diameters in length and of uniform roundness and 


thickness. 
1—Curve calculated from Sturm’s equation. 


which are relatively thick and in which the physical as well as the 
elastic properties of the steel enter.'! The equation set up by 
R. G. Sturm in combination with the compression yield points 
of the steel under collapse is used in the writer’s work and a very 
close check-up has been obtained which confirms the use made of 
curves such as result from the aforementioned work. I am pre- 
senting five typical curves which show results which have not 
heretofore been published. 

Fig. 1 of this discussion shows a curve indicating the yield 
point in compression of the material. The specimen from which 
these ‘test results are taken is relatively small but very accurately 
made and consists of a rectangular prism taken in the direction of 
stress which causes collapse. The yield strength in compression 
is obtained by applying successive loads to the prism and plot- 
ting the stress applied against change of length after each suc- 
cessive load is removed. The writer’s Figs. 2 to 5 show collapse 
tests made from tubes from which the steel in Fig. 1 was taken 
and are the figures shown in the paper referred to. It will be 
noticed that the (D/7') value is constant, but that the actual 
length has been varied to produce (L/D) values of 7, 4, 3, and 2, 
respectively. These diagrams were designed using Sturm’s 
equation and take into consideration the end conditions repre- 
sented by a vessel. The test vessels were the actual length and 
the ends were actual plates welded to the cylinders. 

By varying the length of the test vessel it has been possible to 
check both the elastic phase as well as the phase of the problem 
controlled by the physical properties of the material. 


Mason S. Noyes.'? It was hoped that the work of the 
A.S.M.E. Special Research Committee on the Strength of Vessels 
Under External Pressure, would yield results of general applica- 
tion. The data published in the first paper, APM-53-17a, and 
the present one, leave at least three items as yet not investigated. 


11 “The Collapsing Strength of Steel Tubes,’’ by T. M. Jasper and 
J. W. W. Sullivan, 'Trans. A.S.M.E., vol. 53, 1931, paper APM-53-17b, 
219. 

12 Bureau of Engineering, Navy Building, Washington, D. C. 
-Assoc-Mem. A.S.M.E. 
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Fic. 4 Retation BETWEEN MaxtmuM COMPRESSIVE STRESS AT 
COLLAPSING PRESSURE AND D/T ror HomoGENEous TUBES 
or Steet Havine Various YIELD-PoInTtT VALUES 


Nore: Tubes are 3 diameters in length and of uniform roundness and 


thickness. 
1—Curve calculated from Sturm's equation. 


Fie. 5 Retation BETWEEN MaximuM COMPRESSIVE STRESS AT 
COLLAPSING PRESSURE AND D/T ror TUBES 
or Steet Havine Various YIELD-PoINT VALUES 


Nore: Tubes are 2 diameters in length and of uniform roundness and 


thickness. 
1—Curve calculated from Sturm’s equation. 


The first item is that of shape. No consideration has been 
given to any other form than the cylinder, as stated in the first 
paragraph of the “Proposed Rules,”’ yet these proposed rules do 
not read “for the Construction of Unfired Cylindrical Pressure 
Vessels Subjected to External Pressure.” Again, assuming that 
the authors are interested chiefly in shell strength of submarines, 
one wonders why oval tubes of relatively small difference in major 
and minor diameters (similar to the usual modern submarine-hull 
form) were not tested also, in conjunction with some formula in- 
cluding a diameter-ratio factor. Investigation should lead 
eventually to the elongated oval, the triangular, and even to the 
nearly rectangular cross-sections used for condenser shells, to 
none of which the formulas listed in the present paper are ap- 
plicable. 

The second item is that of wall openings. If the tube or cylin- 
der is to be used it must have branches (or inlets and outlets) at 
some point not always located on the heads. What is the effect 
of side openings on the number and location of lobes? 

The third item is that of material. Reference to the authors’ 
Tables 1 and 3 reveals that the material has been limited to steel 
or other similar material having a well-defined modulus of elas- 
ticity. The proposed rules already mentioned include only steel 
specifications, in referring to material. The values given in the 
present paper are around 30 million, showing that an excellent 
grade of steel has been utilized. On the other hand, under cer- 
tain conditions of external pressure, tubing of good size is used, 
which is made of copper. This metal has no definite value for EZ, 
the modulus of elasticity varying with the “temper” or amount 
of cold work done on it and with the temperature conditions, nor 
has it a well-defined value for u, its Poisson’s ratio. 

It is hoped that the investigators will not stop at the present 
point in their research, which seems to have covered steel cylin- 
ders so carefully, but will continue in an effort to get at least a 
partial answer to the effects of the above items. 


AutHors’ CLOSURE 


The authors wish to express their appreciation for the many 
helpful and instructive discussions of their paper. These dis- 
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cussions help to clear up doubtful points and make the paper of 
more value to those wishing to use it as the basis of design. 

It is apparent that there is still some slight misunderstanding 
as to the application of the column analogy to the collapse of 
pressure vessels. Messrs. Hartman and Sturm make frequent 
use of the term “end fixation” in a pressure vessel, comparing it 
with the end fixation in a column. These two types of fixation 
are not really comparable. An analogy may be drawn between 
a pressure vessel and a column by considering the shell of the 
pressure vessel to be made up of a series of columns, one-half 
lobe length long, extending end-to-end circumferentially around 
the vessel. These “columns” are probably pin-ended since at the 
buckling pressure the ends are unstable and cannot offer a resist- 
ing moment. The column ends in the shell certainly are not 
related to either the heads or stiffening rings of the vessel. 

It would probably be more instructive to shift the analogy 
from columns to plates. It is well known that the strength of a 
long plate subjected to a compressive load on its ends is influenced 
by the degree of fixation at the edges (not ends) of the plate. The 
theoretical buckling load for a plate with built-in edges is shown 
by Timoshenko! to be about 75 per cent greater than for a plate 
with simply supported edges. The fixation at the stiffening 
rings or heads of a pressure vessel is analogous to this edge fixa- 
tion of a plate but it has not been evaluated theoretically. It is 
reasonable to suppose that the variation in the strength of a pres- 
sure vessel due to fixation at the heads will be no greater than the 
difference between the strength of a plate with fixed edges and 
one with simply supported edges. It certainly does not seem 
likely that “the effects of fixity of the ends (of a pressure vessel) 
may amount to several times as much as the collapsing pressure 
of simply supported cylinders.” The authors have tested model 
pressure vessels with stiffening rings of many shapes and sizes 
ranging from extremely light stiffeners to bulkheads, and, what- 
ever the effect of fixity at the stiffener may be, variations in this 
effect are not evident from the data. Consequently, either the 
fixation must have negligible effect or at least it must be of about 
the same degree in all cases. 

It might be well to point out that for thick pressure vessels 
which fail at high stresses, the degree of fixation at the heads of a 
pressure vessel may be important for it is comparable to the fixa- 
tion at the ends of a beam. However, this does not apply to 
vessels which collapse by instability, since the buckling is the re- 
sult of tangential rather than longitudinal stresses. 

Mr. Wesstrom points out that the authors’ statement, “any 
fixation makes for added safety” applies only to fixation against 
rotation. He points out also that fixation against radial con- 
traction (the authors did not consider this ‘‘fixation’’?) may have 
the opposite effect. Since resistance of the stiffening ring to 
radial contraction materially affects only the longitudinal bending 
stress, it probably has small effect upon the strength of pressure 
vessels which collapse by instability. 

Messrs. Hartman and Sturm have called attention to discrepan- 
cies between the experimental data and the theoretical formula 
{9} given in the paper. The explanation for this has already 
been given in the paper. The collapsing pressures computed by 
the theoretical formula [9] in Table 3 of the paper are too high 
in the region of high stresses because the value E = 30 X 10° lb 
per sq in. was used in the computation instead of the correct 
value of the effective modulus. The collapsing pressures com- 
puted by the theoretical formula [9] are too low in the region of 
low stresses because the formula predicts critical buckling pres- 
sures which may be considerably below the ultimate collapsing 
pressures recorded in Table 3 for the experimental models. It 

18Stability and Strength of Thin-Walled Constructions,” by 8. 


Timoshenko, Proceedings of the Third International Congress for 
Applied Mechanics, Stockholm, Aug., 1930, Eq. [5], p. 4, Table 4, p. 5. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


seems unnecessary to callin an unrelated and poorly defined con- 
dition of end constraint to help account for these variations. 

Regarding model no. 63, which Messrs. Hartman and Sturm 
indicate has the most out-of-roundness relative to the thickness 
although the collapsing pressure was 43 per cent greater than the 
theoretical pressure, it should be noted that an ultimate collaps- 
ing pressure considerably above the critical buckling pressure 
might well be expected for such a long thin model. Moreover, 
the experimental determination of the collapsing pressure of this 
particular model was subject to considerable error, since this 
collapsing pressure of 10 lb per sq in. (the lowest of the tested 
models) was observed by a 300 lb per sq in. Bourdon-tube gage. 

The authors expressed out-of-roundness as a fraction of the 
thickness rather than of the diameter because in column theory 
the eccentricity of a column is expressed in relation to the radius 
of gyration which is analogous to the thickness of a pressure ves- 
sel (with a constant multiplier; see Equation [29] of the paper and 
preceding paragraph). The column eccentricity is not related to 
the length of the column which is analogous to the diameter 
(multiplied by a constant) of the pressure vessel. 

The authors were asked to explain the methods used in the ex- 
perimental determination of the number of lobes. The “polar 
diagram” as illustrated in Fig. 4 of reference 3'4 of the paper 
shows the exact condition of the shell just prior to collapse. 
Since such a diagram shows incipient bulges throughout the en- 
tire circumference, an examination of the diagram leaves little 
question as to the actual number of lobes. When satisfactory 
diagrams are not obtained, however, it is necessary to estimate 
the number of lobes from measurements of the average lobe 
length of the failed model. This method is unsatisfactory since 
neither the lobe length nor the number of lobes found in a failed 
vessel correspond necessarily to the lobe length and number of 
lobes in the vessel at the time of unstable collapse. 

The collapsing pressures obtained by any instability formula 
must be checked by a stress calculation to make certain that the 
proportional limit of the material has not been exceeded. Mr. 
Wesstrom has outlined a method for determining the region of 
applicability of formula [9] of the paper. He points out that his 
formulas check Fig. U-21 of the A.S.M.E. Pressure Vessel Code. 
This is to be expected since his method is essentially that used 
in plotting the curves of that figure. However, it should be 
noted that it is best to limit formula [9] to stresses below the 
proportional limit rather than below the yield point. This can 
be readily done by substituting sprop for syiea in Mr. Wess- 
trom’s Equation [d]. Formula [9] is not directly applicable for 
smaller values of L/D than those given by the modified Equation 
{d] and should be used only with extreme caution. 

The authors believe Mr. Rhys has attached too much impor- 
tance to the effect of axial loading on the collapsing strength of a 
pressure vessel. He is correct in the statement that a tube 
under both radial and axial pressure if increased in length indefi- 
nitely will eventually fail as a column or strut under the end 
load. This is purely academic, however, for the end load result- 
ing from uniform external pressure is so small that in no practical 
case could it cause buckling of the tube as a strut. This end 
load, nevertheless, has an appreciable influence on the buckling 
of the shell by the formation of waves in a circumferential belt. 
Formula [6] of the paper is obtained by modifying formula [1 | 
to include the effect of end load on this type of collapse. It does 
not consider the possibility of the tube buckling as a strut. Con- 
sequently it does not (and should not be expected to) reduce to 
zero when L = © but to formula [A], given in the paper. The 
fact that formula [9] does reduce to zero for L = © is due solely 


“Strength of Thin Cylindrical Shells Under External Pressure,” 
by H. E. Saunders and D. F. Windenburg, Trans. A.S.M.E., vol. 53, 
1931, paper APM-53-17a, p. 207. 
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to the nature of the approximations involved and not to the fact 
that it includes end load. 

It might be noted that the analogous column length of the 
pressure vessel is a quarter-circumference for n = 2 (tubes longer 
than the critical length), and that this column length does not 
change if the tube be increased in length. Hence the column 
analogy is in accord with the fact that the strength of a tube 
longer than the critical length is independent of the length. 

In regard to the four questions raised by Lieutenant Com- 
mander Roop the following can be said: 

1 It is believed that hard surface layers in the material have 
very little effect on experimental results. As shown by the theo- 
retical formulas given in the paper, the elastic modulus and 
Poisson’s ratio are the only properties of the material upon which 
the strength of vessels which collapse by instability depends, and 
these properties in steel are but little affected by cold working 
of the material. 

2 The actual measurements of deflections during the con- 
duet of tests (reference 3 of the paper, Fig. 4 for example)!‘ show 
deflections prior to collapse far in excess of the deflection due to 
uniform contraction of the shell. 

3 It does not seem possible to obtain an approximate equa- 
tion for the strength of a flat plate under hydrostatic and coplanar 
load by considering D to approach an infinite value. The t/D 
and L/D ratios both become zero in this limiting case, and the 
collapsing pressure in the various formulas is expressed in terms 
of these ratios in such a way that it too vanishes. 

4 In general the selection of a suitable factor of safety is 
largely a matter of judgment. Fig. 2 of the paper shows the 
spread of points representing collapsing pressures of test. models. 
The spread for commercial pressure vessels would probably be 
somewhat greater. A factor of safety of 2 is ample to take care 
of variations in thickness, variations in physical properties of the 
material, and ordinary variations from circular form. However, 
an addition to this factor is required to give added life to the 
vessel, to insure against accidental overloads, and to insure 
against other unforeseen accidents which might precipitate fail- 
ure. Consequently, the choice of a suitable factor of safety de- 
pends upon the individual case. R. T. Stewart" gives some 
excellent general rules for the selection of a factor of safety. 

Mr. Jasper offers some very interesting theoretical and experi- 
mental data. However, as he points out, his data are for thick 
tubes most of which collapse at stresses near the yield point while 
the authors have confined themselves in the present paper to 
collapse by instability only. 

Mr. Noyes regrets that the paper is not more general in 
scope. The authors felt that a general review, discussion, and 
evaluation of the merits of the many instability formulas deal- 
ing with thin circular cylindrical-pressure vessels was desirable, 
and the purpose of the present paper was merely to present such 
a survey. 

The A.S.M.E. Special Research Committee on the Strength 
of Vessels under External Pressure has considered questions of 
the type raised by Mr. Noyes. Sufficient experimental data are 
not now available to check the theoretical formulas commonly 
used to determine the strength of pressure vessels of elliptical 
cross-section. 

Rules for the design of nozzle openings now form part of the 
A.S.M.E. Code for Unfired Pressure Vessels (Paragraph U-59). 
Nozzle openings which meet these requirements should not ma- 
terially affect the strength of the shell. 

The theoretical formulas in the paper were checked by steel 
models, but they apply to vessels constructed of any material 


15 “Collapsing Pressure of Bessemer Steel Lap-Welded Tubes, 
Three to Ten Inches in Diameter,” by R. T. Stewart, Trans. 
A.S.M.E., vol. 27, 1906, p. 815. 
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provided the correct value of the effective modulus is used. The 
Special Research Committee is now engaged in formulating rules 
for circular cylindrical vessels made of copper, aluminum, and 
various alloys. It is hoped that these rules will be ready for pub- 
lication in the near future. 


The Test Performance of Hudson 
Avenue’s Most Recent Steam- 
Generating Units’ 


P. W. Keppter.? This paper and a similar recent one*® on 
Hell Gate direct-fired units make possible an engineering com- 
parison between the two methods of firing. Both methods 
deal with recently designed, large units which are using practically 
the same fuel (Eastern semi-bituminous). 

In Fig. 1 of this discussion heat input is plotted against the 
many differences in losses that are connected with the coal-burn- 
ing equipment, the following abscissa scales selected are at the 
same time convenient and accurate for comparison: 20 to 80 
lb of (14,000 Btu) coal burned per sq ft of projected grate area 
per hr, and 10,000 to 40,000 Btu fed into the furnace in the form 
of pulverized coal per cu ft of furnace volume per hr. The 
maximum reported fuel-burning rate for The Hudson Avenue 
Station is 76.2 lb, and 39,500 Btu input for Hell Gate, nearly 
coinciding on our scale. 

The losses that can be plotted as reported are: fly-ash loss 
of pulverized coal, and cinder, ashpit and unburned-gas loss 
of the stoker. The unaccounted-for losses will be dealt with 
later. Curve No. 1 of Fig. 1 in this discussion shows an ad- 
vantage for pulverized coal throughout, rising from 0.9 per cent 
at 20 lb (10,000 Btu) to 3.7 per cent at 70 lb (35,000 Btu), and 
then falling to 1.6 per cent at 80 lb (40,000 Btu). This drop is 
due to the rapid rise in fly-ash loss from 2.2 per cent at 31,700 
Btu to 8.7 per cent at 39,500 Btu. This in turn is due to lack 
of induced draft. It should here be kept in mind that the Hell 
Gate boiler was guaranteed for a capacity of only about 27,000 
Btu input, whereas the Hudson Avenue boiler was built for an 
even higher maximum capacity (of shorter duration), than 
the 24-hr capacity reported, and was therefore not limited by 
induced draft. The actual excess air however was not so much 
greater for the stoker boiler, 13.3 per cent against 10.3 per cent. 
This indicates that this stoker requires less excess air than the 
pulverized-coal equipment under question. Nevertheless it is 
practically certain that this pulverized-fuel equipment would be 
capable, if given enough excess air, of continuing its low cinder- 
loss curve even beyond 39,500 Btu, at which point it would only 
be 2.8 per cent instead of 8.7 per cent. This could be shown, 
possibly by dotted lines, but the writer would rather confine 
himself as much as possible to facts and let the reader draw his 
own conclusions. 

Excess-air losses are shown on curve No. 2 of Fig. 1 of this dis- 
cussion. Tests on representative equipment indicate an in- 
crease in dry-gas losses of 0.05 per cent, per cent of excess air, 
and on this basis, although excess air differs as much as 5 per 
cent, the difference in losses is rather small. 

The sensible heat in the slag was also estimated (curve No. 
3). A specific heat of 0.2, and a slag temperature of 2500 F 
is here assumed. The maximum slagging loss at 13,000 Btu, 


1 Published as paper FSP-56-15 by P. H. Hardie and W. 8S. Cooper, 
in the November, 1934, issue of the A.S.M.E. Transactions. 

2 Testing Engineer, Hell Gate Station, The United Electric Light 
and Power Company, New York, N.Y. Jun. A.S.M.E. 

3 “Characteristics of Large Hell Gate Direct-Fired Boiler Units 
by W. E. Caldwell, Trans. A.S.M.E., vol. 56, 1934, paper FSP-56-2. 


Sen 
> ox 
= 
AG 
rapa 
he 
: 
4 
i 
= ihe i 
| fie 
age 
ra 
: 


266 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


where 45 per cent of the ash is reported to be slagged, is only 0.11 
per cent. 

The unaccounted-for and radiation losses seem decidedly in 
favor of the stoker. Accuracy may be gained by “weighting” 
these for input, for they appear to be uniform, regardless of rate 
of driving. The resulting ‘weighted’ average loss is 1.37 per 
cent for the stoker compared with 4.04 per cent for the pulverized- 
coal equipment. Some of the radiation loss is returned to the 
boiler by the incoming combustion air being heated above the 
outside-air temperature. This correction may be applied with 
good accuracy to the Hell Gate boiler, for during the test it ran 
alone in its own boiler-house extension, which is practically a 
building by itself, and its combustion air is taken from the top 
of this building. On the Hudson Avenue boiler this is not 
exactly the case but fortunately the correction is much smaller 
due to the air being taken from the bottom of the building; 
a considerable error in this estimate would be comparatively 
small. The heat thus returned is 1.03 per cent for the Hell 
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Gate boiler, compared to 0.22 per cent for the Hudson Avenue 
boiler, reducing the actual radiation plus unaccounted-for loss 
to 1.15 per cent and 3.01 per cent, respectively. This loss can 
only be radiation for the stoker tests, excluding test error. For 
the pulverized-coal tests it may be carbon lost in the slag or un- 
burned-gas loss together with radiation, again excluding test 
error. But other tests at Hell Gate prove that this slag con- 
tains no combustible matter. And the sum of CO, plus O; is 
within 0.2 of the amount corresponding to complete combustion 
of the coal used; it is also known that the solution used for 


oxygen determination fails to take out the last tenth or two of 
oxygen. No CO was found during the entire test. Furthermore, 
the presence of unburned hydrocarbons is extremely unlikely for 
they meet with considerable turbulence, high temperature, and 
possibly 200 per cent excess air as they are blown off near the 
burner. The furnace is also very large and comparatively free 
from stratification. Other elaborate tests with combustion 
Orsats have shown unburned gases to be very rare with turbulent 
burners. The writer therefore believes that this loss is practically 
all radiation for both groups of tests. The radiation surface 
per unit heat input is 1.6 times greater for the Hell Gate boiler; 
this includes low temperature air ducts, ete., but the insulation 
on some of these is correspondingly thin, or left off altogether, 
so that their radiation may be just as intense as from hot sur- 
faces that are usually well insulated or protected by water walls. 
This extra surface, largely due to the use of more heat recovery 
apparatus, would raise the Hudson Avenue radiation to 1.84 
percent. It should also be considered that the Hell Gate setting 
is far less compact and well ventilated, surrounded by windows, 
and subject to bad drafts from the coal-conveying system, some 
of which have since been eliminated. Furthermore the adjacent 
boiler was shut down, so that this one boiler was subject to 
radiation from all four sides and had to heat up a boiler room, 
half of which was shut down. The outside temperature averaged 
only 37 F, compared to 49 F for the stoker tests. This accounts 
at least for a good portion of this difference between 1.84 and 
3.01 per cent. But the stoker should get credit for the smaller 
furnace required and for the protection against radiation it af- 
fords by its grate area as well as its coal hopper. By assuming a 
uniform heat emission and by determining the various surfaces, 
it was estimated how much the radiation loss would increase in 
the stoker boiler if its furnace were replaced by a pulverized-coal 
furnace, larger according to the difference in heat release, and 
radiating from all five sides. The resulting increase is found to 
be 0.4 per cent and is therefore credited to the stoker (curve No. 
4). 

Auxiliary power requirements must also be considered. The 
conservative modern heat rate of 14,000 Btu input per kw is 
assumed throughout. To compare fan-power requirements, a 
static fan efficiency of 60 per cent, and electrical drive with 80 
per cent motor efficiency are used for both cases. For calculat- 
ing forced-draft power consumption, the burner pressure of the 
pulverized-coal equipment is compared with the windbox pres- 
sure of the stoker. For induced draft the average setting re- 
sistance of the two is used for both, so that the combustion 
equipment is merely held responsible for the difference in head 
and volume caused by differences in excess air. 

There is a marked difference between mill power and stoker- 
motor power as shown in Fig. 1 of this discussion by curve No. 5, 
which varies from 1.2 per cent at 20 lb (10,000 Btu) to 0.5 per 
cent at 80 Ib (40,000 Btu). Forced and induced draft (curves 
Nos. 6 and 7) show only small differences. 

Curve No. 8 shows the resulting net difference. It is seen that 
if the bulk of the stoker output can be raised below 40 Ib per 
sq ft, and if the higher rates of driving are used only during rare 
emergencies, the resulting operating efficiency of stokers should 
be about equal to that of comparable pulverized-fuel equipment. 

If the appreciable unburned-gas losses could be reduced by 
the use of overfire air, the resulting increase in fan power, par- 
ticularly at low outputs, should be comparatively small. If 
this were feasible the stoker would be definitely more efficient 
at moderate rates of driving and its disadvantage beyond these 
would be reduced. 

The writer has purposely confined himself to thermal efficiency, 
but it must of course be kept in mind that many other important 
factors would enter into a complete comparison. 
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JoserH GersHperG.‘ To conduct tests of a stoker-fired 3 Combustible 
boiler in a satisfactory manner one has to cope with, among other 2 /n Cinders 3 ~— 
things, two requirements of the fuel bed. First, it must have a ley Lt _{Fis.s-a 
thickness and a contour proper for a given make of stoker and ' F ——T 6 | 
kind of coal used if the best sustained boiler efficiency at a OL 8 —_—— FIG 3-8 
chosen rate of evaporation is to be realized. Second, its con- ¥% 9 gt ee dent EO = eet 
dition at the beginning and at the end of arun must beidentical “ 3] Unburned 2 F16.8-C 
if demands of test accuracy are to be met. Deviation from the © 2/—4v@rgcarbon = 
first requirement is commonly designated as the fire being too 3 Pa ‘ = 
heavy ortoothin. Non-fulfilment of the second requirement re- > 8 7 5 q 
sults in an error both in the boiler efficiency as well as in the @ ’ CO loss 3 FIG.3-D, 
“radiation and unaccounted-for loss.” Ss — 
Ordinarily it takes several hours to obtain a proper fuel bed for ~ ° 4 
a chosen rating and to reestablish it toward the end of the run. & 8 bene 5 
Since under present art of testing, the fuel-bed condition is esti- & 7 A = 
mated by eye, it becomes extremely difficult to avoid large errors FIG. 3-E 
in boiler efficiency and “radiation and unaccounted-for loss,” 6 | +2 
particularly at light loads. With a large stoker surface it takes = Sb 'e 
only a few inches of fuel-bed thickness to cause an error of several © A 
per cent in these items of the heat balance. Zero or negative = pa FIG.3-F 
values of “radiation and unaccounted-for loss’ are quite com- 3 
mon at very light loads. 2 Unaccounted for Z = 
A method of testing which would eliminate or reduce these Bia Pl 
errors is certainly welcome. The authors followed a procedure | 2 a — 5 
which they contend “has the advantages that the testing period 0 4 TF 
is reduced, and the influence on the results of possible differ- on 2 
ences in fuel-bed thickness between the beginning and end of 200 24 6 8 30 24 6 8 40 2 4 6 8 
runs is minimized.’”’ Analysis of results in the energy balance Energy Output, 10° Btu per Hr 
of their Table 1 does not seem to bear out the last contention. Foo. 3 Conves 
Appended curves of these results (Fig. 3 of this discussion) show From TABLE 1 or Paper FSP-56-16 
that with the exception of “radiation and 
unaccounted-for loss’’ all other losses be- 
have in a normal way, indicating that, 88 
as far as combustion is concerned, it was > a6 “pai Curve ‘a 
of somewhat similar quality during the _| FIG. 2-A 
ascending as well as the descending order © 84 = ee 
of loading. However, the curve of “ra- 82 
diation and unaccounted-for loss” shows + 
a very erratic behavior. Since this item s 80 = 
in this test represents only the radiation 5 7 » 
loss and test errors, the curve should be ° — 
at least a horizontal line if not sloping 76 ¥9 
downward with the increase of energy out- — 
put, provided the errors are small and fairly Al 2-8 
constant. One would expect the errors = = VA a Doubtful 
ness to be the smallest at the very high , Probable 
ratings, namely in runs 9 and 10. The 
average of ‘the radiation and unaccounted- 0 
for loss” for these runs is about 2.2 per E -| cc 


200 2 4 6 8 302 4 6 8 400 2 4 6 8 5002 4 6 8 
Energy Output, 10° Btu per Hr 


4 Chief Testing Engineer, United Electric 
Light & Power Company, New York, N. Y. Fic. 2 AppenpED Trst-PERFORMANCE Curves Drawn From Resutts GIvEN IN TABLE 


Mem. A.S.M.E. 1 or P. H. Harpre anp W. S. Cooper's Paper FSP-56-15 
1 cent. Taking this value as constant for the en- 
i Difference in average fuel-bed thickness, in. tire series of runs one would readily notice (see Fig. 
pion ‘one —2.4 = 3,* 2.6 —2.0 —3.9 —1.9 —2.6 —1.3 2.6 —2.3 2B of this discussion) that all points of the first 
peretincnl eight runs except run 3 fall below it. This result 
sel 1.5% —1.6 —3.0 + 4.0 —0.2 —2.2 —0.6 —1.6 —0.65.0 0 indicates that in every one of these runs except run 
—0. 94 ; _ 3, the fuel bed was thinner at the end than at the 
toe nmorence he eogengn Sadi tet thickness at the beginning and end of a run was computed beginning of a run by average amounts shown in 
694 sq ft projection area _ 795 44 ¢¢ Table 1 of this discussion. According to these 
Coal density = "80 Ib per cu ft values the thickness of the fuel bed with which the 


2 Corrected to 0.9 per cent energy loss ay by walyrned bydvocashone | instead ap test was started in run 1 was reduced at the end 
orted 2.4 per cent (see Tabie 1, item 72, of the paper), which seems to in error (see eS 
Pig. 3-C of this discussion). of run 8 by 18.3 in., or 15.7 in. if the “unburned 
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hydrocarbons loss” (see Fig. 3C of this discussion) in run 2 is 
taken as 0.9 per cent instead of 2.4 per cent, which seems to be 
in error. So large a reduction in thickness, however, is unlikely. 
A critical examination of results of runs 9 and 10 tends to re- 
gard 1.5 per cent of “radiation and unaccounted-for loss’ 
established in run 10 as the most probable value. This loss 
in run 9 is 3.0 percent. The discrepancy of 1.5 per cent might 
be due to two possibilities: First, an error of only 6 per cent 
in the sampling of cinders would suffice to cause indicated 0.5 
per cent difference in the loss due to combustible in cinders. 
Second, run 9 was started with a too thin fire which was built 
up toward the end of this run and thereafter was maintained 
approximately constant throughout the 10th run. This may ac- 
count for the remaining 1 per cent discrepancy. 

With 1.5 per cent “radiation and unaccounted-for loss,” 
Table 1 of this discussion shows much smaller reductions in 
thickness of the fuel bed for individual runs than with 2.2 per 
cent. Accordingly, the thickness of the fuel bed existing at the 
beginning of the first run needed to be decreased by only 5.8 
in., or more likely, by 3.7 in. (if corrected for error in run 2 as 
explained previously) at the end of run 8, to make possible errors 
in boiler efficiency for individual runs. Fig. 2A of this dis- 
cussion shows the probable efficiency curve as compared with 
that given in the paper. 

This analysis leads to a conclusion that the authors’ procedure 
of uninterrupted testing for a series of different loads does not 
minimize the errors of individual runs due to differences in fuel- 
bed condition at the beginning and end of each run. The pro- 
cedure becomes effective only when it is applied to a series of 
runs for the same load, the entire series being treated as a single 
run. In other words the duration of a run is to be prolonged, as 
it is practiced whenever accuracy of testing is sought, particularly, 
at light loads. 

Now with reference to the shortening of the testing period, 
the authors’ claim of this advantage in their method of testing 
can be conceded if loads are changed in one order only, either 
ascending or descending. In other words, there must be no 
check runs. There is a considerable saving in time if only a 
few hours, say three or four, are spent for the establishment of a 
proper fuel bed at the beginning of each run instead of 24 hours 
required for a check run. 


E. C. M. Stan. The combustion-control meters used at 
Hudson Avenue are of the type which maintain a predetermined 
steam-flow—air-flow ratio, or in effect a predetermined per cent 
“total air” (ratio of actual air supplied to theoretical air required 
for complete combustion). For this reason the operating depart- 
ment at Hudson Avenue has been interested in determining the 
total air at which highest combustion efficiency can be obtained. 

The elementary method of establishing the proper quantity of 
air to be supplied is to determine by means of a field Orsat the 
point at which carbon monoxide disappears from the flue gases. 
This method has been found to be inadequate due to the fact 
that complete analysis of the flue gas indicates the presence of 
unburned gases considerably in excess of that shown by the field 
Orsat. In Fig. 4 of this discussion the relation between the losses 
in boiler efficiency as found by the two methods of flue-gas 
analysis is indicated. This relation was brought out by Bert 
Houghton in his paper before the Third International Conference 
on Bituminous Coal. It should be noted that the loss incurred 
under operating conditions varies markedly with the per cent 
total air supplied. 

The curve in Fig. 5 of this discussion has been plotted from 
test data to demonstrate that the cinder loss also varies with 


5 Operating Superintendent, Brooklyn Edison Company, Inc., 
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total air supplied. An increase in the percentage of total air 
at any rating increases the velocity of the air through the fuel 
bed with a resultant increase in the quantity and size of cinder 
carried away. It appears that the impact and hence the cinder 
loss varies as some power of the air velocity. 

Fig. 4 of this discussion shows the combined effect of total air 
on principal combustion losses. As the per cent total air is in- 
creased for the purpose of reducing the losses due to incomplete 
combustion, the dry-gas and cinder losses increase rapidly. 
Obviously, the most efficient combustion conditions exist at the 
point where the summation of all the losses isa minimum. This 
best point will occur in the vicinity of A in Fig. 4. If, on the 
other hand, the per cent total air is set at some point B as indi- 
cated by analysis with the field Orsat or at some arbitrary point 
C in an attempt to avoid possibility of incomplete combustion, 
unnecessary combustion losses will result. The location of the 
point A varies with the burning rate and should be determined 
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at several boiler loads so that combustion meters may be set to 
indicate a per cent total air that varies with steam flow in a man- 
ner to embrace the loci of a series of points determined as point 
A. Since the magnitude of these losses varies with each stoker 
and furnace installation, highest combustion efficiency can be ob- 
tained only if the variable combustion losses are determined by 
use of methods similar to those described by the authors. 


H. F. Lawrence.* The writer believes it has been conceded 
rather generally that the presence of CO in the gases of com- 
bustion indicates the presence of unburned hydrogen and hydro- 
carbons, particularly if the CO is present in appreciable quanti- 
ties. The writer also believes it has been conceded generally that 
the unburned hydrogen and hydrocarbons increase greatly with 
increased coal-burning rates per square foot of grate surface. 
Referring to the author’s paper, note that run 10 which was at 
the highest capacity, showed the greatest loss due to CO and 
also the least loss due to unburned hydrogen and hydrocarbons. 
Note, also, that run 9, which was at the same rate as run 10, 
showed less than half the CO loss and four times the hydrocarbons 
loss as compared with run 10. 

Another outstanding feature of these tests was the procedure of 
continuous operation with no recess between runs. Fig. 6 of 
this discussion shows graphically the changes in load with the 
percentage of increase at each change upward. The increase in 
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load from test 1 to test 2 was 36 per cent; from 2 to 3, 33 per cent, 
and from 3 to 4 it was 26 per cent. These changes in load, rather 
than being small, were large and it is quite remarkable that 
changes of this magnitude were made and conditions stabilized 
within five minutes. 

In addition to the tests reported, many peak-load tests of five 
hours duration were made, during which the water was not 
weighed, but measured on the regular station instruments which 
had previously been calibrated. As these were merely load 
tests, no attempt was made to calculate efficiencies. On Novem- 
ber 16, 1933, the maximum five-hour rate was run at a load of 
607,000 lb of steam per hr and 632,000 Ib of steam per hr for a 
maximum three-hour period. Flow-meter charts transposed 
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Tests TRANSPOSED TO STRAIGHT-LINE GRAPHS 


to straight-line graphs are shown for the runs of November 16 
and 17, 1933, in Fig. 7 of this discussion. 


Davip Brownute.’ The authors have carried boiler-plant 
testing to such an advanced stage that it is interesting to con- 
sider what remains to be done in this field. Certainly one point 
is the determination, by some type of recording apparatus if 
necessary, of the amount of sulphur dioxide and sulphur tri- 
oxide in the combustion gases. Until a few years ago no method 
had been developed for determining the amount of dust and 
acid-sulphur compounds being discharged from the stack. Now, 
however, the determination of the dust content is of primary 
importance, and we are rapidly getting to the point where it will 
be just as essential to know the amount of sulphur compounds 
in the combustion gases. 

In this connection there is already one power station in Great 
Britain, namely Battersea, London, that is operating on the 
principle of the complete removal of the sulphur compounds, 
involving, it is believed, the pumping of 2000 tons of scrubbing 
water every 24 hours. The Fulham (London) station and the Tir 
John (Swansea) station, both now being erected, are also to be 
operated on similar lines, while at the Barton station (Manchester) 
experimental work on one boiler has been in progress for some 
time and the same applies to the Billingham Works of Imperial 
Chemical Industries Ltd. 

It seems to me also that in these tests at the Hudson Avenue 
station, a further minor refinement would have been the installa- 
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tion of continuous duplex gas-analyzing apparatus for the deter- 
mination of both the CO, and the CO (unburnt products) and 
also the CO, and the oxygen. 

Another main item that calls for comment is the method of 
expressing the efficiency. Thus, for example, the “efficiency of 
the steam-generating unit” is given in the authors’ paper as 
varying from 76.2 per cent to 90 per cent, while separate items 
are included for the power consumption of some of the auxiliaries. 
Although the matter is not very clear, presumably this 76.2 to 
90 per cent steam-generating efficiency is the gross efficiency only, 
based on the total evaporation to the steam in the boilers, with- 
out regard to the consumption of steam by auxiliaries in the 
boiler house itself. I am informed by Messrs. Hardie and Cooper, 
however, that the total auxiliary power used, but not including 
the feed pump, corresponds to 1.3 per cent to 2.3 per cent of the 
total evaporation of the boilers. 

In 1922 I published suggestions for an International Boiler 
Test Code, one of the points of which was that the efficiency of boiler 
plants should be expressed as the true net thermal efficiency, 
that is, the efficiency based upon the amount of steam available 
for useful work outside the boiler house itself, and not upon the 
actual production of steam by the boiler plant. 

That is, to use a very simple example by way of illustration, 
if a boiler plant is evaporating 100,000 lb of water per hr and 
5000 Ib of water per hr is being used to drive auxiliaries such as 
boiler-feed pumps, forced- and induced-draft fans, mechanical 
stokers, and ash and clinker conveyers, then the net thermal 
efficiency must be based upon 95,000 lb evaporation and not on 
100,000 Ib. 

Messrs. Hardie and Cooper might have included in the re- 
sults of their tests, the actual net thermal efficiency and not only 
the gross efficiency. They inform me that they do not consider 
the feed puinp as an “auxiliary” in the ordinary sense of the 
term, since it performs its own distinct function. Frankly, I 
cannot agree with them, although from the theoretical point of 
view the matter is difficult. 

Finally, it is impossible to work any boiler plant today without 
expending energy in forcing the feed water into the boilers and, 
in my opinion, all the energy used must be deducted in calcu- 
lating the net thermal efficiency. 

Obviously, as I have pointed out for many years, we have 
long required a proper International Boiler Test Code drawn up 
by engineers and fuel technologists who have had practical ex- 
perience in this field of engineering. 


A. G. Curistiz.* The value of this series of tests lies in the 
complete analysis of the energy distribution in the steam-generat- 
ing unit at the various loads. Certain interesting deductions of 
both practical and academic interest may be drawn from these 
data. 

A comparison of the authors’ item 74, “Energy loss due to 
combustible in cinders” with item 73, “Energy loss due to 
combustible in ashpit refuse,” indicates that the former averages 
several times the latter. This would indicate that more con- 
sideration must be given on future tests to the sampling of the 
flue gases for cinders than to sampling the clinker-grinder refuse. 
The authors have developed a method of sampling the flue gases 
for cinders that appears to give correct data. 

The energy loss due to radiation and that unaccounted-for, is 
remarkably small. This indicates that proper wall construction 
and insulation can reduce heat-conduction losses into the boiler 
room to a small value. 

The draft at the induced draft fans at full steaming capacity 
of 500,000 Ib per hr is high amounting to 14.3 in. The plenum 
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Baltimore, Md. Mem. A.S.M.E. 
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pressure at the same load is 6 in. The total pressure is 20.3 in. 
which accounts for the comparatively large power consumption 
of the fans. The authors have not charged any of the boiler 
output to these fans. It would be interesting to know the net 
efficiency after allowance for auxiliary power. 

No data are presented on the performance of the cinder catchers 
in the removal of cinders from the flue gases. Since observations 
were undoubtedly made on this equipment, the authors might 
indicate the relative effectiveness of the cinder catcher. 

The heat balance shows that the loss from unburned hydrogen 
and hydrocarbons averages several times the loss due to CO. 
Much care has been devoted in the past to the analysis of the 
flue gases for CO while no attempts have generally been made 
to detect the hydrogen and hydrocarbon losses. Evidently 
laboratory practice and test procedure must be revised to in- 
clude the accurate determination of the larger losses due to hydro- 
gen and hydrocarbons. 

The gross efficiencies of the steam-generating unit are excel- 
lent at all loads. The performance of the stoker, as indicated by 
the low ashpit and cinder losses, was an important factor in 
securing these results. A rate of combustion of 75 lb per sq ft of 
grate area per hr for two consecutive periods of 24 hr deserves 
especial comment, particularly in view of the overall efficiencies 
obtained under these conditions. 

The authors state that both boiler and stoker were put in 
first-class operating condition for these tests. It would be in- 
teresting to know at certain outputs how the average daily ef- 
ficiency compares with test efficiency. 

Items 61 and 62 in the authors’ Table 1 appear to be based on 
boiler surface alone and do not include the very effective water 
walls. The rates of heat generation and transfer as given are 
consequently much higher than actually occur in the boiler due 
to the high rates of evaporation in the water wall. Why not 
include the area of the water walls with the boiler surface in 
setting up such average figures? 


Frank O. ELteNwoop.’ In this paper we have an energy 
balance of a steam-generating unit that gives, for the first time 
to the writer’s knowledge, a very close approximation of the 
radiation from the unit, because the authors have determined 


‘several losses that have usually been treated as unaccounted-for. 


It is especially significant to observe that the loss due to the 
unburned hydroearbon was low; but, in the writer’s opinion, it 
should be noted that such a result would not have been obtained 
had the furnace not been provided with ample distance between 
the fuel bed and the first row of boiler tubes, a distance in this 
case of from 30 to 40 ft. When a boiler is set too close to the 
fuel bed, as has been done in some stoker installations, this loss 
becomes of much greater magnitude, as does the cinder loss also. 
It would be of special interest to many engineers if the authors 
could give information regarding these points for some of the 
other units that have boiler tubes closer to the fuel bed. 

From the energy balance, and also from the curve in Fig. 5, 
it is apparent that the cinder loss is the serious one when ex- 
tremely high rates of firing are employed, such as 75 Ib of coal 
per hr per sq ft. That this unit was able to operate at this 
phenomenal rate for 48 hr and still have no furnace trouble of 
any kind is a remarkable testimonial to the builders and operators. 
If stokers are to be operated at such high rates for prolonged 
periods of time, studies should be directed to possible means of 
reduction of the cinder loss. 

The tabulation of the data appeals to the writer as being ex- 
ceptionally clear, concise, and technically correct; his only sug- 
gestion for a slight improvement in the tabulation would be 


® Professor of Heat-Power Engineering, Cornell University, 
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that it should also include the net efficiency for each run. This 
point becomes of increasing importance in making tests of large 
modern steam-generating units, whose performances it may be 
desirable to compare even though their fuel-burning equipment 
and auxiliaries may be entirely different. 

A long step forward is represented by the technical progress 
that is exemplified by the design and testing of this steam-generat- 
ing unit when compared with that of the so-called “boiler tests” 
of a few years ago. When one observes that the unit had no 
air preheater, the results of the tests become still more impressive, 
and one again realizes that high net efficiencies of steam-generat- 
ing units are not confined to powdered-fuel installations. 


AvTHORS’ CLOSURE 


Mr. Keppler has made a careful and detailed comparison of the 
performance of the pulverized-fuel unit at Hell Gate with the 
stoker-fired unit at Hudson Avenue with allowances for those 
differences which might influence the comparative results. 
Any such method of correction as Mr. Keppler used, however, 
requires a great many assumptions, some of which are subject 
to differences of opinion. The authors believe that there is 
other pertinent information not mentioned by Mr. Keppler 
which should be considered even though it is not amenable to 
numerical evaluation. For instance, the Hell Gate unit is 
equipped with an air preheater and economizer while the Hudson 
Avenue unit has only the latter. The Hell Gate tests were of 
relatively short duration in that they varied from ten hours at 
the lowest load to two hours at maximum load, and no check 
runs were made. 

The impression might be gained from Mr. Keppler’s state- 
ments regarding the guaranteed capacity of the two units that 
the maximum test load on the Hell Gate unit was higher in pro- 
portion to the unit’s size than that on the Hudson Avenue unit. 
As a matter of fact, the maximum test loads on the two units per 
square foot of boiler surface were the same. 

The authors fail to see the justification of Mr. Gershberg’s 
method of correcting the test results to an assumed constant 
value of “radiation and unaccounted-for,” and his attributing 
the variation to differences in fuel-bed thickness between the 
beginning and end of runs. It is interesting to note, however, 
from Fig. 2 of this discussion that his “probable” efficiency curve 
agrees with the authors’ curve within the limits of test accuracy 
in spite of the liberties he has taken with the original data. 

It is very easy to talk about having the condition of the fuel 
bed, its contour, thickness, etc., the same at the beginning and 
end of a run, as Mr. Gershberg does, but it was the inherent 
impossibility to estimate by eye with any degree of accuracy 
these conditions on a stoker of the size of the one under dis- 
cussion which led to the adoption of the continuous method of 
testing. The authors do not believe that on this test the varia- 
tion in the “radiation and unaccounted-for” was abnormal and 
apparently none of the other discussers thought so. Mr. Law- 
rence, who would be most interested in obtaining reliable results, 
calls the continuous method of operation an “outstanding fea- 
ture of these tests.” 

Mr. Gershberg suggests that a preliminary period prior to 
each run would eliminate the necessity of check runs. The 
authors consider that check runs are always desirable and 
especially so when testing steam-generating units because, aside 
from the question of testing accuracy, the results are subject to 
changes in the order of one or two per cent as a result of opera- 
tional factors. 

Mr. Stahl has very clearly pointed out that accurate gas 
analysis is essential to the proper setting of the boiler meters. 
In this connection, the authors have felt for several years that 
the true réle of the Orsat apparatus in formal tests of steam- 
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generating units was that of guiding the stoker operators during 
test rather than that of providing a basis for the flue-gas compu- 
tations. 

Referring to the variation of unburned H, and hydrocarbons, 
Mr. Lawrence points out that these tests did not sustain the 
prevailing opinion that the presence, or absence, of CO in the 
exit gases reveals the presence, or absence, of these unburned 
gases. Other tests’? have also fully demonstrated that this 
conclusion does not apply to the combustion situation encoun- 
tered at Hudson Avenue. 

Mr. Brownlie and Professors Christie and Ellenwood have 
expressed the opinion that the net efficiencies should have been 
included in the tabulated results even though the approxi- 
mate percentages of the energy output consumed by the boiler 
auxiliaries at the lowest and highest test loads were stated in the 
last paragraph under “Test Data and Results,” page 839 of 
the paper. The net efficiencies for each run are given in Table 2 
of this discussion. 


TABLE 2 NET EFFICIENCIES OF STEAM-GENERATING UNIT 


Run number 1 2 3 4 5 
Net efficiency, per cent 88.8 86.1 81.1 82.0 82.8 
Run number 6 7 8 9 10 
Net efficiency, per cent 84.2 86.6 87.3 74.4 75.7 


It should be noted that there is no standard set of assumptions 
as to what primary data shall be employed in computing net 
efficiencies. For example, a difference of opinion exists as to 
whether the feed pump shall be regarded as an auxiliary. While 
Mr. Brownlie prefers to consider the feed pump as a boiler 
auxiliary, Professor Ellenwood" takes the opposite point of view. 
The authors regret that they are unable to report for Mr. Brown- 
lie’s information the energy consumption of the feed pump 
because it was not measured during test. 

Another reasonable difference of opinion among engineers is 
whether the electrical energy consumed by the auxiliaries shall 
be charged on the basis of the average station heat rate which 
includes standby losses, etc., or whether the combined heat rate 
of the test boiler and the turbine which it supplies during each 
test is the proper one to use. The latter would conform more 
nearly to the practice in the case of steam-driven auxiliaries but 
the combined heat rate of a single boiler and turbine for each 
test period is not generally available from the station records. 

The net efficiencies given in Table 2 of this discussion were 
computed excluding the boiler feed pump as a boiler auxiliary 
and using the average net fuel rate of the station. The details 
of the procedure used are described in Barnard, Ellenwood, and 
Hirshfeld’s, ““Heat Power Engineering,” part 2, page 443. 

In answer to Professor Christie’s inquiry concerning the 
efficiency of the cinder catcher, the ‘“wet’’ type of cinder catcher 
used on this unit has shown test efficiencies of 80 to 90 per cent 
at ordinary loads. 

Professor Christie mentions the authors’ statement about 
putting the boiler and stoker in prime operating condition and 
asks how much effect this had upon improving the efficiency. 
The cleaning of the boiler and maintenance work on the stoker 
were the same as is done at regular intervals and, therefore, 
resulted in small improvement over average performance. The 
extra supervision of the stoker operation, however, aided by the 
Orsat readings may have resulted in greater improvement than 
the cleaning of the boiler. For average daily operating efficiencies 
reference should be made to Table 5 of “Ten Years of Stoker 


10 ‘‘Reducing the Unaccounted-For Losses in Boiler Tests,” by 
W. F. Davidson, Report presented to the Fuels Division, A.S.M.E., 
at the Chicago Meeting, 1931. 

11 ‘Elements of Heat Power Engineering,”’ by Barnard, Ellen- 
wood and Hirshfeld,’’ John Wiley and Sons, New York, N. Y. 
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Development at Hudson Avenue,’’!? by J. M. Driscoll and W. 
H. Sperr. 

The authors agree with Professor Christie that Items 61 and 
62 in Table 1 of the paper would have been more nearly correct 
had the water-wall surface been included in reporting the steam 
generated and heat transferred per square foot of boiler surface. 

The comparative information requested by Professor Ellen- 
wood regarding cinder loss in boiler units having low and high 
settings may also be found in Fig. 11 of the paper by Driscoll 
and Sperr previously mentioned. It will be noted from this 
figure that the height of the setting has little or no effect upon the 
cinder loss. However, a marked reduction in the hydrogen 
and hydrocarbon losses was obtained on this unit as compared 
to older units with lower setting. Possibly some of this improve- 
ment was due to the zoned-air control. 


The Elastic Properties of Steel at 
High Temperatures’ 


Leo H. Hatu.? It seems that caution is needed in using Mr. 
Versé’s method for measuring temperature when applied to 
static tensile tests. 

In the first place, a wire supported and heated as the author 
describes, cannot be at uniform temperature throughout, since 
heat is being conducted away at the supports and at the loading 
point without a corresponding loss at intermediate points. In 
the writer’s experience in measuring electrical resistivities at 
high temperatures, this lack of uniformity of temperature has 
sometimes been observed to increase rather than decrease by 
insulating the wire and, in a metal such as steel which has a 
fairly high temperature-resistance coefficient, it is sufficient to 
vitiate results obtained by the use of this method, at least in 
measuring resistance. 

This means that the temperature read by resistance in a set-up 
such as the author describes is not a true temperature, but a 
composite of the temperatures of different parts of the wire. 
The elastic properties observed are also composites of those 
existing over a range of temperatures. Since the elastic proper- 
ties do not vary linearly with resistance, it is evident that errors 
may be introduced by the use of this method. The magnitude 
of the error depends on the temperature gradient along the wire, 
which is in turn determined by its specific heat, conductivity, 
diameter, length, and surface roughness. That it is not in- 
significant may be judged from the fact that in similarly sus- 
pended insulated wires, differences of temperature of more than 
100 C have been measured between points 2 ft apart, neither 
point being at the support. 


12**Ten Years of Stoker Development,’”’ by J. M. Driscoll and 
W. Hz. Sperr, Trans. A.S.M.E., vol. 57, no. 2 (February, 1935), paper 
FSP-57-3. 

1 Paper by Guy Versé, published in the January, 1935, issue of 
the A.S.M.E. Transactions. 

2 Mem. A.S.M.E. 
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Another source of possible error lies in the fact that the 
electrical resistivity of some metals is known to vary between 
the unstressed and the highly stressed conditions, at least at 
room temperature. It is the writer’s recollection that some very 
considerable variations have been observed. So far as he knows, 
no tests have been made to determine whether such variations 
persist at higher temperature, or whether they increase under that 
condition. 

While the method used by Mr. Versé is highly ingenious and 
has the merit of great simplicity, it should be borne in mind that 
it is limited as to accuracy and, that under some conditions, it 
entails considerable error. It would be of interest to learn how 
the author calibrated his device. 


AvuTHOR’s CLOSURE 

Mr. Hall’s remarks were expected and, in an unabridged thesis 
presented to the University of Michigan, they were answered as 
follows: 

1 Regarding the non-uniformity of temperature along the 
specimen, it is true that such an error is present in our measure- 
ments but, however, it is not of important magnitude. In ac- 
curate measurements made in the physics department of the 
University of Michigan, where a similar method is used for the 
measurement of the coefficient of expansion of metals, it was 
determined that the effect of the end supports is not felt over a 
distance larger than 2 in. from the support. The length of the 
wire being 125 in., and an averaging effect taking place in both the 
measurements of # and of the electrical resistance, the resultant 
error is very small. Indeed, if EF and the electrical resistance 
should vary linearly with temperature, there would be no error at 
all. 

2 Regarding the possible variation of the electrical resistance 
with the stress condition, the stresses were kept very low in our 
tests so as to reduce this error to a negligible value. 

3 The preliminary calibration was made on a sample of the 
wire at the following standard temperatures: 


Boiling point of 219°C 


For these calibrations, the standard equipment for the ealibra- 
tion of resistance pyrometers was used. The electrical resistance 
of the sample as well as that of the wire was measured by means 
of a potentiometer and a standard resistance. The standard 
resistance was made of an alloy the resistance of which varied 
but little with the temperature. Besides, this resistance was very 
small so as not to undergo any appreciable heating, and more, 
over it was kept at a constant temperature by a flow of com- 
pressed air. In every case the length of the wire was measured 
at 25 C, so that the calibration automatically takes care of the 
thermal expansion. 

Finally, it is pointed out that Mr. Hall’s remarks do not per- 
tain to our static-torsion tests, which also showed the existence 
of Professor Timoshenko’s high-temperature strain-hardening 
effect and the advantages of Dr. Everett’s unloading method. 
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Photoflow Method of Water Measurement 


By W. M. WHITE! ano W. J. RHEINGANS,? MILWAUKEE, WIS. 


This paper is written to reestablish the pitot tube as a 
useful and accurate instrument for measuring the flow of 
water. Difficulties in the measurement of water by the 
pitot tube have been caused by errors introduced in the 
measurement of the static pressure and such errors as are 
caused by changing distribution of flow across the measur- 
ing section while a traverse is being made. 

Recent tests indicate the proper form of piezometer to 
use in order to determine the true static pressure of flow- 
ing water. The errors caused by changing distribution of 
flow can be eliminated by the photoflow method described 
in the paper. This method involves the photographic 
recording of the differences in pressure of pitot-tube 


HE photoflow method? of water measurement is the photo- 

graphic recording of the differences in pressures of pitot- 

tube points positioned throughout the cross-section of 
flow, and piezometer connections positioned to indicate the pres- 
sure across the section of flow. The method as here described 
has particular reference to closed circular conduits although 
it is not limited in its application to this specific case. 

Reference is made to a paper by one of the authors‘ in which 
it was determined by a series of experiments that the pitot-tube 
point, if constructed as an orifice bounded by a surface of revolu- 
tion, transformed velocity impinging exactly axially into pres- 
sure exactly according to the law V = /(2gh), regardless of the 
form or extent of its exterior walls. At the time this paper was 
presented, there was considerable controversy regarding the 
pitot-tube formula, some advocating V = /(2gh) while others, 
notably the late William Kent, author of “Kent’s Mechanical 
Engineers’ Handbook,” and Prof. I. P. Church, author of 
“Mechanics of Engineering,’’ both maintained that the formula 
should be V = /(gh). The conclusiveness of the experiments 
in the paper referred to was indicated by the fact that Kent and 
Church changed the pitot-tube formula from V = \/(gh) to V = 


1 Manager and Chief Engineer, Hydraulic Department, Allis- 
Chalmers Manufacturing Company. Mem. A.S.M.E. Dr. White 
received his M.E. degree from Tulane University and served as engi- 
neer with the New Orleans Drainage Board from 1899 to 1902, and 
as hydraulic engineer and chief engineer in the I. P. Morris Depart- 
ment of Wm. Cramp & Sons Ship and Engine Building Company 
from 1902 to 1911, where he was in charge of hydraulic work for the 
company, including design and building of large hydroelectric instal- 
lations among which was the plant at Niagara Falls. Since 1911, Dr. 
White has served in his present capacity with the Allis-Chalmers 
Mfg. Company. In 1930, he received the degree of Doctor of Science 
from Tulane University. 

? Test Engineer, Hydraulic Department, Allis-Chalmers Manu- 
facturing Company. Mr. Rheingans was graduated from the 
University of Wisconsin in 1920 with a B.S. degree in civil engineer- 
ing and entered the employ of the Allis-Chalmers Manufacturing Com- 
pany the same year where he has been engaged in testing and research 
work in the Hydraulic Turbine Department. 

3 Method patented by D. W. Proebstel, October 11, 1927, U. S. 
Patent 1,645,449. 

‘“The Pitot Tube; Its Formula,” by W. M. White, The Journal 
of the Association of Engineering Societies, vol. 27, August, 1901, p. 35. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting, New York, N. Y., December 4 to 8, 1933, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


points, positioned throughout the cross-section of flow, 
and piezometer connections positioned to indicate the 
pressure across the flow section. By making a simul- 
taneous record of all the readings across the section, 
errors caused by changing distribution of flow are elimi- 
nated and a large number of measurements can be taken in 
a short interval of time. 

The photoflow coefficient as determined by volumetric 
measurement for highly disturbed flow in a closed conduit 
was found by test to be 0.971. A coefficient of 0.976 for 
the photoflow method as applied to the flows normally 
encountered in closed conduits should give an accuracy of 
0.5 per cent. 


/(2gh) in the subsequent editions of their books. From then 
on, V = /(2gh) was generally accepted as the true pitot-tube 
formula. 

The same paper also pointed out that one of the reasons for the 
necessary application of a coefficient in connection with the 
pitot tube was because of the difficulty in securing the real 
pressure properly applicable to the case in question. A recent 
paper presented to the Society® sets forth information as to the 
form and shape and arrangement of piezometer openings by 
which the direct water pressure may be measured in conduits. 
A study of this paper and of the various piezometer connections 
discussed will indicate one of the real causes of former difficulties 
in the measurement of water by the pitot tube. 

The information contained therein, together with the tests 
recorded in “The Pitot Tube; Its Formula’’* show why a pitot 
tube with the piezometer located in certain positions on or near 
the pitot-tube point, has to be rated and why a coefficient, 
which can properly be called the piezometer coefficient, must be 
applied to the readings. It was also found that tubes with 
piezometer openings placed in the path of the water are extremely 
sensitive to angular flow and subject to considerable error when- 
ever other than straight flow is encountered. 

Sufficient published data are now available to enable one ex- 
perienced in the art to construct proper piezometer connec- 
tions on the periphery of a straight cylindrical conduit such that 
the pressures of the water throughout a given cross-section may 
be properly indicated, thus eliminating all necessity for rating the 
pitot tube to obtain the piezometer coefficient and eliminating 
possibility of error in the static-head readings caused by angular 
flow. 

The present art provides means for determining the correct 
velocity head in water flowing in straight conduits when the 
water flows in straight stream lines. However, in actual prac- 
tice, straight streamline flow is never encountered. The parti- 
cles of water move spirally, intermingle, and roll from center of 
pipe to pipe wall and back to center continuously, but without 
great loss of position in the travel of the flow. It has been shown 
that the introduction of a salt solution at a section in a conduit 
will diffuse throughout the mass of water within a reasonably 
short distance in the travel of the water, but the salt remains 
substantially together as a plug in its forward travel through the 
conduit. This is indicated by the fact that the salt solution 
at the outer periphery of the conduit will lag only a short distance 
behind the solution in the center of the pipe at a section which 


5 “Piezometer Investigation,” by C. M. Allen and L. J. Hooper, 
Trans. A.S.M.E., vol. 54, 1932, paper HY D-54-1. 
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may be a thousand feet or more from the point of introduction. 
Since the velocity of the water at the center of the conduit is 
considerably greater than at the sides, this can only mean that 
there is a sidewise motion of the water in its flow and that ac- 
cordingly the particles of water must move at greater absolute 
velocity than the average axial flow along the conduit. The 
pitot-tube point, therefore, encounters not axial flow but angular 
flow. 

If the pitot-tube points recorded the true pressure correspond- 
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Angle between Pitot-Tube Axis and Axis of Flow, Degrees 


Fig. 1 Prrot-Tuse CoEFFICIENTS FOR VARIOUS ANGLES OF 
Fiow SHowING Way CoEFFICIENTS Must BE APPLIED TO MEASURE- 
MENTS IN CONDUITS 


ing to the resolved axial ve- 
locity of such angular flow no 
coefficient of any kind would 
be required since now correct 
pressure in the section of flow 


can besecured. The pitot tube, 
however, does not indicate the 
direct resolved velocity and it 
has been found necessary to in- 
troduce a coefficient for this 
peculiarity of the pitot-tube 
point. 

In the paper “The Pitot 
Tube; Its Formula,’’* the 
author records the fact of his 
experimentation “with nozzles 
of different shapes moving 
through water and placed at 
different. angles with reference 
to the line of motion.” Ina 
carefully prepared paper pre- 
sented to the Engineers’ So- 
ciety of Western Pennsylvania‘® 
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to large angles that the value of the coefficient does not decrease 
in proportion to the change in angularity but beyond 40 deg it 
actually reverses and starts to increase. 

Recent tests made on the exact design of pitot-tube point 
used for the Little Falls Pumping Station tests hereinafter de- 
scribed, showed similar angular-flow coefficients and characteris- 
tics. ‘To determine these coefficients, this pitot-tube point was 
placed at the center of a 12-in.-diam pipe on the discharge end 
of a centrifugal pump and was mounted so that it could be rotated 
to any desired angle from the axis of the pipe. The flow was 
made as straight as possible with baffles. 

The discharge of the pump was adjusted to maintain a con- 
stant velocity of 5 fps at the center of the pipe. Velocity-head 
readings were then taken at 0 deg and for every 5-deg angle of the 
axis of the pitot-tube point from the axis of the pipe on both sides 
of the centerline up to about 50 deg. These tests were repeated 
four times. 

The indicated velocities were computed, averaged for the 
four tests, and plotted against the angles as shown in Fig. 2. 
The resolved velocity at a given angle was obtained by multi- 
plying the axial velocity by the cosine of the angle. The mea- 
sured velocity was then computed as a percentage of the resolved 
velocity and was plotted as shown. 

Fig. 3 shows an outline of the Little Falls tube and a comparison 
of its angular-flow coefficients with those of the similar pitot tube 
B shown in Fig. 1. The close agreement of the results obtained 
by these two differently conducted experiments is rather remark- 


ured Velocity as 
- a Per Cent of Resolved 
Velocity 


measured by 
Pitot Tube 


Angle between 
Axis of Pitot Tube 
and Axis of Pipe 


is recorded a very complete 
series of experiments on the 
coefficients for different shapes 
of pitot tubes for various angles 
of flow. Fig. 1 shows the re- 
sults of these experiments and the outlines of the tubes used. 
From Fig. 1 it will be seen that for certain types of pitot tubes 
(B, E, and F) the coefficient varies from 1.00 to 0.96 for a maxi- 
mum angle of flow of 25 deg, which angle is greater than can be 
ordinarily expected in even the very worst conditions of flow. It 
will be noted in the cases where the experiments were carried out 

* “Measurement of the Velocity of Flowing Water,” by Lewis F. 


Moody, Proceedings of the Engineers’ Society of Western Pennsyl- 
vania, vol. 30, no. 4, May, 1914. % 
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Pirot-TuBE MEASUREMENTS AT VARIOUS ANGLES IN THE CENTER OF A 12-IN. Dram Pipe 
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In addition to the variation in direction of flow, turbulence 
also affects the readings of the pitot tube because of the varia- 
tion of velocity from instant to instant, accompanied by an 
oscillation of the water column in the tube and its connec- 
tions. 

The pitot-tube reading will not give the exact head correspond- 
ing to the average velocity over an interval of time but will tend to 
indicate the mean head which corresponds to the mean square 
of the velocity. This must theoretically always be in excess of the 


BERR 

. ” Tube D 

0.92 Ye Tube Tube F. 

\ 

ra’ 

£ 


HYDRAULICS 


head corresponding to the mean velocity, and has the effect of 
decreasing the pitot-tube coefficient of measurement. 

However, Moody in the paper® previously referred to states 
that tests made with oscillating velocity showed that the effect 
on the pitot tube was very slight. 

Although we now have exact means for indicating, recording, 
and determining axial flow, the experiments cited all show 
that when the angular flow encountered in all conduits is being 
measured, a coefficient must be applied which lies not so much to 
the pitot tube but rather to correct for flow conditions. 

The worst flow conditions at the point of the pitot tube and an 
angular flow of an even 30 deg shows that the coefficient of a suit- 
able pitot-tube point such as dimensioned in Fig. 3 will not be 
less than 0.97. Since the angular flow in conduits at velocities 
usually encountered is probably more than 10 deg, in which 
event the coefficient is about 0.98, the maximum range of the co- 
efficient for the photoflow method as herein described conse- 
quently lies within narrow limits. 

It is therefore claimed by the authors that the adoption of 
0.976 as the coefficient for use with the photoflow method in cir- 
cular conduits as here set forth should have an accuracy of 0.5 per 
cent because of the narrow range limit of the coefficient for vari- 
ous conditions of flow. 

The many calibrations of the pitot tube with a known velocity 
of flow and with properly constructed piezometers have shown 
coefficients of measurement of about 0.976 as most generally 
applicable for normal flow conditions. 

The calibration of the photoflow method set forth in this 
paper, based on volumetric measurement of water, determines 
the coefficient of 0.970 to 0.973 for the case of extremely disturbed 
and cross-current flow, and represents therefore about the lower 
limit of the coefficient for this type of tube in circular conduits. 

The photoflow method was originally developed by D. W. 
Proebstel who used it for the first time to measure the discharge 
at the Bull Run Plant of the Portland Electric Power Company in 
1924.7. The feature which distinguishes this method from the 
ordinary pitot-tube traverse is the photographic recording during 
a fraction of a second of all the readings of multiple pitot-tube 
points rigidly fixed throughout the measuring section. 

This has numerous advantages. Foremost of these is the 
recording of all the pitot-tube readings simultaneously, thereby 
eliminating the inaccuracies inherent with the traverse methods 
because of the changing distribution of flow found at all sec- 
tions within a conduit. Even though the rate of flow is kept 
absolutely constant during the period of time required for 
making a determination of the quantity flowing, there is a con- 
tinual shifting around and a rearrangement of the velocity at 
any given section. Tests show that the variations of velocity 
within the section may become quite large, particularly in dis- 
turbed or turbulent flow, where instances of a 30 to 50 per cent 
change of velocity at one point have been recorded, without an 
appreciable change in the rate of flow. 

The velocity changes may take place during the comparatively 
short time of a few seconds, but whether the change at one 
point is fast or slow, there must always be an immediate and 
opposite change at some other point or points in order to main- 
tain the continuity of flow in the conduit. 

The frequency of the changes is usually very irregular. In 
some of the flows observed the velocity distribution would go 
through a complete cycle in 2 min and again it might take 10 
min. Even then it was found that with observations taken at 2- 
min intervals, no two sets of flow-distribution records out of ten 
observations were ever exactly alike within the possible limits of 
accuracy. 

7“Measuring Water Flow in Conduits,” by D. W. Proebstel, 
Electrical W orld, April 4, 1925, p. 711. 
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This changing distribution of flow occurring at all sections 
within the conduit has heretofore been the source of considerable 
error in the pitot-tube traverse method or in any other method in 
which velocities across a section are determined in rotation. The 
time required to make the traverse is usually such that the flow 
distribution may pass through several complete cycles before all 
readings are completed. Velocities in one portion of the section 
are likely to be determined during one phase of the cycle, and 
those in another portion during a different phase. Thus, accurate 
determination of the average velocity is nearly impossible with 
the former methods. 

By use of the photoflow method, however, the velocities across 
the entire measuring section are recorded simultaneously and the 
possibility of obtaining values of velocities at different points at 
varying phases of the distribution cycle is eliminated. It is 
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therefore possible to make accurate determinations of the rate of 
flow with this method no matter how great the changes in velocity 
at any point within the measuring section. 

In addition to the large variations in velocity at points within 
the measuring section, there are also the small fluctuations of high 
frequency found on all water columns connected to conduits con- 
taining flowing water. 

Whenever these fluctuations are caused by variations in the 
static pressure, the pitot-tube and piezometer water columns 
will all move up and down together. With the photoflow method 
the speed of the camera can be adjusted by the use of artificial 
light so as to make the moving water columns appear to be 
standing still, and a true and simultaneous reading of all the 
connections will be obtained. Since the piezometer readings are 
subtracted from the pitot-tube readings to obtain the velocity 
head, fluctuations common to all the connections such as produced 
by variations in the static pressure will therefore have no effect 
on results obtained by the photoflow method. 

The high-frequency fluctuations in the water columns, which 
may be caused by small variations at individual points in the 
section, will have a tendency to cancel each other. With a large 
number of pitot tubes the possible error from this source becomes 
relatively small. 

Another advantage of the photoflow method is the short 
period of time required to record the readings. Photographs of 
the different velocities can be taken at the rate of about two 
per minute and for special cases a motion-picture camera can be 
used. This means that twenty determinations of the mean velo- 
city across the measuring section can be made du**"¢ a normal 
10-min test run. Since, for the very worst conditions of flow, 
ten such determinations would give a high degree of accuracy, 
this method is capable of far greater accuracy than a pitot-tube 
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or a current-meter traverse where it sometimes takes several be made of such fluctuating flow as will sometimes be encoun- 
hours to make one such determination of the average velocity, tered. 


and where the cost of making ten determinations at each gate 
setting tested would be excessive. 

The number of measurements of the mean velocity of the en- 
tire section which can be made at regular intervals during a 
short period of time will also permit accurate measurements to 


The cost of making a photoflow test is exceptionally low. No 
expensive equipment is required. The cost of the films or 
plates is negligible. Developing the plates and printing the 
pictures at the site saves time and reduces this item of expense. 
The pitot-tube points can be turned out in quantity lots at a 
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nominal cost. The installation of the pitot tubes, the gridwork 
upon which they are fastened, and the gage connections have 
been found to be less costly than the usual current-meter rigging. 
The operating personnel can be reduced to one man who can 
take the photographs, develop the plates, print the pictures, and 
compute the discharge. Therefore, from a viewpoint of cost, 
the photoflow method compares favorably with any other 
method of measuring quantity of water. 

An example of the application of the photoflow method under 
extremely unfavorable conditions is the acceptance test made 
at the Little Falls Pumping Station at Little Falls, New Jersey, 
on two 900-hp, 32-ft head, propeller-type turbines. Fig. 4 is a 
general plan view of the plant from the forebay to the tailrace. 
Fig. 5 is a section of the penstock and turbine showing the loca- 
tion of the pitot tubes. 

The contract with the Passaic Valley Water Commission 
specified that the water be measured by current meter, salt 
titration, or pitot tube. Local conditions limited the current- 
meter measuring section to a narrow tunnel in the tailrace under- 
neath the power station. Because of the disturbed flow in 
these tunnels, it was questionable whether current-meter measure- 
ments would prove to be satisfactory. Salt titration was con- 
sidered to be too complicated for this installation. Therefore, 
only the pitot-tube method remained. The choice of a measur- 
ing section was limited. The large 12-ft-diam penstock was 
buried underground and under buildings and was practically 
inaccessible. The velocities in this penstock were low, being 
about 2'/, fps for one turbine at full gate. The 6'/.-ft connect- 
ing penstock was full of bends and elbows but finally the short, 
straight section on the upper bend was selected, as is indicated in 
Figs. 4 and 5. 

Those familiar with pitot-tube measurements would say that 
this was a very poor place for the use of pitot tubes. However, 
as will be shown later, the results obtained fully justified the 
confidence placed in the photoflow method as a means for measur- 
ing turbulent flow. 

In the photoflow method, the number of pitot tubes to be used 
depends upon the size of the section, the nature of the flow, and 
the accuracy desired. In this case the measuring section was 
divided into three equal areas by three concentric circles. A 
pitot-tube point was located at the center of area of each of these 
circles on three equally spaced diameters, giving a total of 18 
points located in the center of eighteen equal areas, as shown in 
Fig. 6. An additional point was located in the center of the 
penstock. It was assumed that the 18 points in this size of pen- 
stock were sufficient to give consistent results in highly turbulent 
flow. The test results obtained proved that this assumption was 
correct. 

The pitot-tube points were mounted on a streamlined gridwork 
with their impact ends 2 in. upstream from the plane of the grid. 
This was for the purpose of getting them away from the influence 
of the obstruction to flow incidental to the grid. Where the 
supports have to be made fairly heavy, this distance should be 
increased. 

Six piezometers for determining the static head at the pitot- 
tube section were located in the wall of the penstock and were 
equally spaced around the circumference, as shown in Fig. 6. 

All of the pitot-tube points and piezometers were connected 
to separate glass-tube gages on a single gageboard. The upper 
ends of the glass tubes were connected to a common manifold. 
Water-column elevations in the glass tubes were adjusted by 
means of air pressure in this manifold. For low pressures, a 
vacuum in the manifold can be used to raise the water columns. 
For very low velocities oil can be used above the water instead of 
air to increase the differential readings. 

Shut-off valves, blow-off valves, and drain valves were pro- 
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vided for manipulation of the gages although none of the connec- 
tions were throttled. A 5in. X 7 in. Graflex camera was used 
for recording the readings. This was found to be about the 
smallest size print easily readable without enlargement. 

Figs. 7 and 8 are photographs taken during a test run at 0.65 
gateon Unit No. 4. The gages are numbered from left to right 
starting with No. 2 on the left, and correspond to the numbering 
shown in Fig. 6. 

Tables 1 and 2 show the calculations made from these 
photographs in arriving at the average velocity for the section. 
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The six piezometer readings were first averaged and then sub- 
tracted from the pitot-tube readings to obtain the velocity head. 
The velocity for each point was computed and the average indi- 
cated velocity obtained by taking the arithmetical mean. Pitot 
tube No. 14 was not included in this average because it was at the 
center of the penstock and not at the center of area of one of the 
18 equal areas. Multiplying the average indicated velocity by 
the pitot-tube coefficient and by the area of the measuring 
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section gave the discharge. The pitot-tube coefficient was deter- 
mined by volumetric measurement as will be shown later. 

Figs. 7 and 8 and Tables 1 and 2 show the large variation in 
velocity which occurred at certain points, such as Nos. 8, 12, and 
20, without affecting the total discharge. For instance, the varia- 
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tion in velocity for Figs. 7 and 8 at point No. 12 was 18 per cent, 
and several other points had as much as 10 per cent variation, but 
the difference in total computed discharge was found to be only 
0.2 per cent. 

With the pitot tubes located on three straight lines across the 
measuring section, it was possible to draw velocity curves for 


0.97; 8. 
8.16 = 270.4 cfs. 
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TABLE 1 COMPUTATION, READINGS SHOWN IN 


G Pressure Pitot-tube Velocity Velocity, 
number gagerdgs gage rdgs head, ft fps 
5 aie 2.652 1.322 9.24 
6 2.741 1.411 9.54 
r 2.508 1.178 8.72 
8 2.062 0.731 6.87 
9 2.580 1.250 8.98 
10 2.819 1.489 9.80 
ll 2.316 0.986 7.98 
12 2.312 0.982 7.96 
13 1.960 0.630 6.38 
14 1.903 0.573 6.08 Center 
15 a 2.730 1.400 9.51 
16 en 3.003 1.673 10.39 
17 ats 1.875 0.545 5.93 
18 es 2.349 1.019 8.11 
19 ae 2.100 0.770 7.05 
20 ae 1.790 0.460 5.45 
21 — 2.760 1.430 9.60 
22 ‘ee 2.975 1.645 10.30 
23 ee 2.740 1.410 9.54 
24 1.395 
25 1.081 Sve 
26 1.078 
7.979 151.35 


Average = 1.330 


151.35/18 = a average indicated velocity; angular-flow coefficient = 


41 X 0.97 


8.16 average velocity; area = 33.13 sq ft; 33.13 x 


TABLE 2 aie tw READINGS SHOWN IN 


{G Pressure 
num gage 
2 1.292 
3 1.561 
4 1.548 
5 
6 
7 
8 
9 
10 
1l 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 1.377 
25 1.096 
26 1.069 
7.943 
Average = 1.324 


Pitot-tube Velocity Velocity, 

gage rdgs head, ft fps 
2.669 1.345 9.31 
2.742 1.418 9.56 
2.520 1.196 8.78 
2.228 0.904 7.64 
2.739 1.415 9.55 
2.728 1.404 9.52 
2.170 0.846 7.39 
2.045 0.721 6.82 
1.900 0.576 6.10 

2.125 0.801 7.19 Center 
2.820 1.496 9.82 
2.990 1.666 10.35 
1.790 0.466 5.48 
2.338 1.014 8.09 
2.152 0.828 7.31 
1.910 0.586 6.15 
2.841 1.517 9.87 
2.948 1.624 10.25 
2.690 1.366 9.39 
151.28 


151.28/18 = 8.405 average indicated velocity; 
0.97; 8.405 X 0.97 = 8.15 average velocity; area = 33.13 sq ft; 33.13 xX 


8.15 = 270 cfs. 


angular-flow coefficient = 


TABLE’3 "DISCHARGES AS DETERMINED BY PHOTOFLOW 
METHOD ON UNIT NO. 
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three diameters and determine the average velocity by integrating 
the area underneath the curves. This was done for a number of 
tests but the results checked so closely with those obtained by 
taking the average of the 18 readings at the centers of equal areas 
that the latter method was used for all tests with a considerable 
saving of time and work. 

It was found that six photographs for each test run were 
sufficient to give consistent and accurate results. With a test- 
run duration of 10 min this meant a photograph every 2 min. 
Table 3 shows the discharges as determined from these photo- 
graphs at each of three gate settings. The variation of 1.7 per 
cent between the maximum and minimum discharge at 0.575 
gate may seem rather large at first glance but by taking an aver- 
age of six measurements the probable error was reduced to 0.16 
per cent as computed by the method of least squares. By in- 
creasing the number of photographs taken during any one run, the 
probable error could be reduced still more but this was con- 
sidered unnecessary for these tests. 

As an indication of the consistency of results obtained with the 
photoflow method, the discharges were plotted against the gate 
opening as shown in Fig. 9. The small deviation from a smooth 
curve is all the more remarkable in view of the poor measuring 
section and the widely fluctuating distribution of flow as was 
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Fic. 9 DiscHarce CuRVES BY THE PHOTOFLOW METHOD ON 
Two Units at Litrte Pumpina Station, SHow1nG Con- 
SISTENCY OF RESULTS OBTAINED BY THIS METHOD 


plainly evident in these tests. Unit No. 4 has an adjustable 
blade runner which accounts for the difference in the two dis- 
charge curves. 

One of the interesting features of these tests was the static- 
head reading of the six piezometers. An analysis of the records 
in Figs. 7 and 8 and in Tables 1 and 2 shows that although there 
was considerable variation in the static pressure, in each instance 
the average of two readings diametrically opposite was the same 
as the average of any two other opposite readings. Further- 
more, the difference between, say, piezometer No. 6 (Fig. 6) and 
No. 25 was the same as the difference between No. 2 and No. 26, 
etc. This is shown graphically in Figs. 10 and 11 where the 
pressures. are plotted against both the horizontal and vertical 
distances across the penstock. 

The full lines connecting the readings are practically parallel 
and indicate the relation between the readings in a given direc- 
tion. The dash lines connect readings diametrically opposite 
and show the close agreement of the averages at the center of the 
penstock. This led to the conclusion that the pressure across the 
penstock was largely dependent upon the centrifugal force pro- 
duced by a change of direction of the path of the water. Theo- 
retically this pressure varies as the square of the radius of the 
curved path, but since the distance across the penstock is small 
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compared to this radius, very little error is introduced by as- 
suming that the pressure varies directly as the radius. 

Using this latter relationship to determine the actual pressure 
at each pitot tube, new velocities were computed for several of 
the tests but the final average velocity thus obtained checked very 
closely with that obtained by using the average of all the piezome- 
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ter readings as was done in the computations shown in Tables 
2 and 3. 

Fig. 12 shows the pressure readings of the four piezometer 
connections at section A-A, Fig. 6, at the entrance to the scroll 
case. This is another example of the relation between pressure 
reading and radius of curvature of the path of the water. In this 
case the pressures are affected by the bend in the penstock 
directly upstream from the section and by the beginning of the 
scroll-case curvature. 
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In measuring the static pressure in closed conduits it is, 
therefore, most important that the piezometers be located dia- 
metrically opposite each other and that an even number of piez- 
ometers such as two, four, or six be used instead of one, three, or 
five, etc. 

The contract with the Passaic Valley Water Commission for 
the Little Falls Pumping Station units called for a bonus and 
penalty on overall efficiency. It was, therefore, essential that the 
measurement of discharge as well as the power and head measure- 
ments be as accurate as possible in their absolute values. Since 
the photoflow method was being used in a section with consider- 
ably greater disturbed and turbulent flow than ever attempted 
before with pitot tubes, it was decided to determine the coefficient 
of measurement of the pitot-tube points in place by volumetric 
measurement of the water. It was found that the forebay with 
an area of 70,000 sq ft could be isolated from the river by means 
of head gates and used as a huge volumetric measuring tank. 
The maximum possible drawdown of the forebay was 4 ft. Thus, 
with a maximum discharge of 300 cfs through one of the turbines 
it was possible to calibrate the photoflow method for a period of 
15 min for each drawdown, which proved to be sufficient to give 
accurate results. 

The volume of the forebay was determined by first making a 
drawdown and then filling it through a calibrated venturi meter. 

Leakages into and out of the forebay were reduced to less 
than 1 per cent of the maximum discharge through the turbine 
by making all the gates and valves connected to the forebay as 
tight as possible. In addition, a leakage determination was 
made before and after each test run, thereby reducing the possible 
error from this source to a negligible amount. 

Four hook gages were placed in stilling boxes at various sta- 
tions for measuring the elevation of the water in the forebay. 
By the aid of verniers the water elevations were read to the near- 
est one thousandth of a foot. 

Readings were taken every 30 seconds and were all synchro- 
nized with the photoflow pictures by a system of light flashes. 
The fluctuations of elevation caused by waves set up by the 
drawdown and fill-up were not very large, and were of such 
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low frequency that readings every 30 seconds accurately de- 
termined their outline. 

The close agreement between the elevations as measured at the 
four stations indicated that the probable error from this source 
was relatively small. 

In filling the forebay through the venturi meter to determine 
the forebay area at the different elevations, the penstock-gate 
valves leading to all the turbines were closed, but the unit under 
test was left motoring on the line. After the water in the forebay 
had reached the desired elevation the proper penstock-gate valve 
was opened, the turbine gate set to give the required rate of flow 
at the pitot-tube section, and the drawdown test was made to 
determine the photoflow coefficient. 

The area of the forebay at various elevations was determined 
six times. The probable error of the average of the six deter- 
minations was estimated at less than 0.25 per cent. 

Nine determinations of the photoflow coefficient were made 
with the pitot tubes located in the penstock of Unit No. 3, and 
seven determinations of the coefficient with the pitot tubes located 
in Unit No. 4. Tests were made with different rates of flow but 
the results indicated that the coefficient did not change with a 
change in velocity. The average coefficient for Unit No. 3 for all 
rates of flow measured was 0.973 and for Unit No. 4 was 0.970. 
Because of the large number of measurements the probable error 
was less than 0.25 per cent. 

The results agree with the previous statement that highly dis- 
turbed and turbulent flow would have a coefficient close to 0.970. 

In conclusion, it can be stated that the results obtained with 
the photoflow method so far have been very satisfactory and 
indicate its possibilities as an accurate, quick, and economical 
means of measuring the flow of water. The excellent results 
obtained with this method in the tests described herein show that 
it can be used under conditions heretofore thought to be en- 
tirely unsuited for pitot-tube measurements. 

Although the method has been used only in closed conduits, 
it should give satisfactory results in open conduits. There 
apparently is a large field for its use in the measurement of the 
large quantities of water used by low-head turbines. 
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Pitot-Tube Practice 


By EDWARD S. COLE,' NEW YORK, N. Y. 


The author reviews the history of the pitot tube and, on 
the basis of experimental results, discusses the accuracy of 
the pitot-traverse method of water measurement. In 
connection with the practical application of the pitot tube 
to flow measurement, the author discusses the calibration 
of the tube, corrections for the effect of the projected 
area of the rod, and the errors caused by angularity of flow 
ina pipe. The degree of angularity of flow in the normal 
pipe line was investigated by means of a current-vane in- 
dicator and a motion-picture camera. Reference is made 
to investigations of the effect of eddying flow on pitot-tube 
readings as conducted by means of a series of ratings made 
with three pitot tubes of similar design used under three 
different conditions of flow, viz: Still water, the smooth or 
parallel flow of a large venturi throat, and the irregular 
or eddying flow of a 12-in. pipe line. In making the com- 
parative ratings, coefficient corrections are made for the 
projected area of the pitot tube in the 12-in. pipe. The 
author shows that with normal flow in a pipe line, the 
manometer readings will vary through a series of cycles. 
These cycles, with pitot tubes in a 40-in. and a 12-in. pipe, 
were observed with a motion-picture camera. 


T IS the purpose of this paper to present some of the results of 

long experience with the so-called pitot-traverse method of 

water measurement in the hope that engineers may more 
widely recognize its accuracy. 

In order to avoid repetition later on in this paper, it may be 
advisable to define the terms “simple” and “combined” pitot 
tubes. The simple type consists of one forward-facing tube which 
reads the dynamic head when used in an open stream. When 
used in a pipe under pressure it reads the dynamic plus the static 
head and in order to read velocity, the static head must be de- 
ducted by means of wall piezometers. The combined type is 
usually made up of two tubes; one reading the dynamic head, the 
other the static head. The combined type may have different 
forms, although variations in design are chiefly concerned with 
the static orifice. 


History OF THE Pitot TuBE 


The history of the pitot tube began in 1730 when Henri Pitot? 
using a bent glass tube in the River Seine discovered that the 


1 President, The Pitometer Company, Engineers. Mem. A.S.M.E. 
Mr. Cole received the degree of M.E. from Cornell University in 
1894 and from that date until 1902 served on the staff of John A. 
Cole, consulting engineer, Chicago, working on the design, construc- 
tion and management of city water-works plants in the Middie West. 
In 1896 he developed the pitometer. As a member of the Depart- 
ment of Water Supply, Gas, and Electricity of New York, N. Y., he 
was in charge of water-supply studies with the pitometer during 1902 
and 1903. Since that time he has conducted pitometer investiga- 
tions throughout the country. 

2 ‘Description d’une machine pour mesurer la vitesse des eaux 
courantes, et le sillage des vaisseaux,”’ by H. Pitot, Memoires de 
l’'Academie Royale des Sciences, November 12, 1732. 

Contributed by the Hydraulic Division and presented at the joint 
meeting of the Hydraulic Division, A.S.M.E. and the Power Division, 
A.S.C.E., New York, N. Y., January 17, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until October 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


height to which water rose in his tube was proportional to the 
square of the velocity of the stream. Aside from its extreme 
simplicity, this device was novel in that it measured velocity 
without introducing the time element. Contrary to general 
belief, Pitot used the combined form with double tubes and de- 
scribed it in his paper,? Fig. 1. The second or static tube had its 
opening in the end of a straight pipe pointing directly across the 
flow and therefore it must have been subject to errors. It 
may not be generally known that Pitot in his paper of 1732 de- 
scribed quite clearly an application of his tube for measuring the 
speed of a small sail boat which he navigated on the Seine. 
Since then there have been several attempts to make a successful 
ship log on this principle. A pitot log was used on the Great 
Lakes by Nicholson, probably fifty years ago, but owing to one 
defect or another it did not come into extensive use. 


=e 


Fic. 1 Drawtne or Pitot’s Or1GInau Tusg, 1732 


Pitot’s combined tube was improved one hundred and twenty- 
five years later by Darcy, another French engineer who in one 
form turned the static tube downstream and in another gave it 
only lateral openings which more nearly read the true static 
pressure, Fig. 2. Darcy also reduced the vibrations in the water 
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columns by using orifices of much smaller area than the tubes.* 
Bazin, another French engineer, made extensive use of the 
Pitot-Darcy tube.‘ 
Hiram F. Mills of Boston was probably the first American 
engineer to use the pitot tube, making studies of the flow of 


Fic. Darcy’s Tung, 1858 


water in a 12-in. cast-iron pipe at Lawrence, Mass. in 1875. 
These experiments unfortunately have never been published. 
The original notes came into the hands of the late John R. Free- 
man and are now being searched for the exact form of pitot tube 
used by Mills and the method of its calibration. There can be 
no doubt that he was the first American experimenter in this 
field. 

It is believed that Mills preferred the simple form of pitot tube 
with static pressure taken from wall piezometers as distinguished 
from the combined type used by Pitot, Darcy, and Bazin. 

Mills wrote’ that he ‘‘made measurements of the quantity of 
water drawn by many of the water wheels of the Lawrence Mills 
in the feeding penstocks by instruments devised by me in 1877 and 
used by my assistants under the direction of John R. Freeman 
during 1878 and 1885, and later under the direction of Richard A. 
Hale. These instruments indicated the velocity at 16 or 18 
points in the section at the same moment.” 


3 Annales des Ponts et Chausses, 1858. 

4 Ibid., 1890. 

5 Discussion by H. F. Mills of “‘Experiments at Detroit, Mich., of 
the Effect of Curvature Upon the Flow of Water in Pipes,” by 
Williams, Hubbell, and Fenkell, Trans. A.S.C.E., vol. 47, 1902, p. 203. 
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John R. Freeman® followed Hiram Mills in the use of the pitot 
tube and in 1888 adopted the simple type for use in measuring 
fire-stream jets finding an accuracy of within 0.25 per cent. 
“This investigation established the fact that the pitot tube is an 
instrument of great precision for the measurement of high veloci- 
ties.””? 

Henry Flad, a distinguished engineer of St. Louis, about 1888 
carried on pitot-tube studies, and probably was the first to at- 
tempt the use of photography for recording the manometer de- 
flections but in this he was said to have been unsuccessful. 

The author’s first work with the pitot tube began in the fall of 
1896 at Terre Haute, Ind., where a practical form of instru- 
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‘ “Experiments Relating to Hydraulics of Fire Streams,” by John 
R. Freeman, Trans. A.S.C.E., vol. 21, 1889, p. 411. 

7A Treatise on Hydraulics,” by M. Merriman. Eighth edition. 
John Wiley & Sons, Inc., New York, p. 103. 
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ment was developed for use in pipes under pressure. A descrip- 
tion of this development was published in the A.8.C.E. Transac- 
tions, vol. 47, 1902, page 275. 

The work of Williams, Hubbell and Fenkell, which began at 
Detroit in 1897, resulted in a combined form of pitot tube for use 
in pipes under pressure,? Fig. 3. 

Gregory and Mason in tests conducted in connection with their 
thesis, at Cornell University in 1894, used a pitot tube, Fig. 4, 
introduced at the open end of a 5-ft steel pipe. 

Later Gregory and Maltby developed a form of combined pitot 
tube at Ithaca, N. Y., in 1903, Fig. 5. Although not the most 
convenient form for inserting into a pipe under pressure it is a 
highly successful instrument which has been extensively used by 
Professor Gregory in his professional practice and by the New 
Orleans Sewage and Water Board for the past thirty years. 

White’s studies of the pitot tube in 1901 developed the theory 
of the simple dynamic orifice and demonstrated the formula to 
beh = V?/2g rather than h = V?/g which had been urged by some 
writers at that time. 

Pardoe, at the University of Pennsylvania in 1908, succeeded 
Professor Easby in pitot-tube experiments. Prof. C. G. Hyde, of 
the University of California, made careful calibration tests of the 


Fie. 5 Priror Usep sy GreGory In 1903 


combined pitot tube, Fig. 6, in 1915. E.C. Murphy® made careful 
ratings of the pitot tube in moving water as well as in still water. 
Stanton studied velocity variation close to the pipe wall. Boyd 
and Judd'® in 1904 repeated Freeman’s work with jets. They 
reported that “discrepancies in pitot tubes are due to failure to 
get the true static pressure rather than to any error in the pitot 
tubes themselves.” 

The theory of the dynamic tube or orifice has been well de- 
veloped by Moody and Rogers"! and others. Its law is V = 
cv (29H). 

The theory of the static orifice is more complicated than that of 
the dynamic orifice and is best represented by laboratory observa- 
tions such as were made by Allen and Hooper at Worcester Poly- 
technic Institute.'* In its ideal form the wall piezometer is 


8 “Experiments at Detroit, Mich., on the Effect of Curvature Upon 
the Flow of Water in Pipes,’ by Williams, Hubbell, and Fenkell, 
Trans. A.S.C.E., vol. 47, 1902, p. 1. 

® Discussion by E. C. Murphy of ‘‘Experiments at Detroit, Mich., 
on the Effects of Curvature Upon the Flow of Water in Pipes,”’ by 
Williams, Hubbell, and Fenkell, Trans. A.S.C.E., vol. 47, 1902, p. 197. 

10 **Pitot Tubes; With Experimental Determinations of the Form 
and Velocity of Jets,’ by J. E. Boyd and H. Judd, Engineering News, 
vol. 51, 1904, p. 318. 

11 ‘Measurement of the Velocity of Flowing Water,” by L. J. 
Moody, Proceedings, Engineers’ Society of Western Pennsylvania, 
vol. 30, no. 4, May, 1914. Also discussion of this paper in vol. 30, 
no. 5, June, 1914. 

12 *Piezometer Investigation,’’ by C. M. Allen and L. J. Hooper, 
Trans. A.S.M.E., vol. 54, 1932, paper HY D-54-1. 


simple enough, but in practice the 
author found it difficult to secure 
ideal conditions and prefers to follow 
Darcey and Bazin in obtaining the 
static head as in the combined type, 
i.e., along with the dynamic orifice. 


DEVELOPMENT OF THE PITOMETER 


At the time of the author’s ex- 
perimental work with pipes under 
pressure at Terre Haute, Ind., 
water-works plant, there was little 
available information on the pitot 
tube. Darcy’s published results 
related entirely to open-stream use. 
A crude sketch in Carpenter’s “Ex- 
perimental Engineering,’ Fig. 7, 
suggested the use of an impossible 
combination of tubes and of man- 
ometers. 

The few published references to 
pitot-tube accuracy were discourag- 
ing. One author" wrote, “‘Pitot’s 
tube has been but little used and is 
in general regarded as an imperfect 
instrument for velocity determina- 
tions.”’ 

After many attempts it was seen 
that a practical pitot-tube method 
for measuring the flow of water in 
pipes under pressure must embody 
(1) a suitable means for inserting 
the tube into the pipe under pres- 
sure, (2) a practical and accurate 
method for calibrating the instru- 
ment, (3) a differential manometer 
free from air which contains a liquid 


Fie. 6 AvTHOR’s PiToT 
TuBE FoR Pipgs, 1896 


Fic. 7 CarpEnteR’s SKETCH oF Pitot TuBE ror PRESSURES, 
1892 


permitting the magnification of the deflections at low velocities, 
(4) a method of integrating the flow from a velocity traverse, 
and (5) a means for the frictionless recording of manometer de- 
flections where a continuous record of flow is necessary. 

With the extensive literature now available regarding flow 
measurement in pipes under pressure, it is difficult to realize the 


13 “Experimertal Engineering,” by R. C. Carpenter. Third edi- 
tion, John Wiley & Sons, Inc., New York, 1892, p. 266. 


Treatise on Hydraulics," by M. Merriman. Fourth edition,. 


John Wiley & Sons, Inc., New York, 1890. 
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handicap of early experimenters in this field since, lacking pub- 
lished data, it was necessary to work out each of these essential 
features of a practical pitot tube for pipes. 

The calibration of the instrument was obtained by float mea- 
surement of the velccity in a trough, the instrument being in- 
serted through the bottom. Considerable difficulty was en- 
countered in this method as the floats did not run uniformly down 
the trough. 

A pitot tube following Professor Carpenter’s sketch, Fig. 7, of 


Fic. 8 Pxoto-RecorpER WITH Prism ATTACHMENT DEVELOPED IN 
1897 anp 1908 ror REcoRDING MANOMETER READINGS 


course, gave highly erratic readings but the manometer caused the 
first concern. This crude form, with air above the measuring 
liquid, and without means for removing it, was the only sugges- 
tion available at that time. Such a form with its rapid U-tube 
fluctuations was quite impossible to read with any precision. 
It was only when all air was excluded from the manometer and 
connections, allowing the water to fill the U-tube above a heavier 
and immiscible liquid, that reliable readings were obtained. In 
later years, cases were discovered in which failures of pitot tubes 
were caused largely by this troublesome presence of air in the 
manometer. 

It was evident that the readings were extremely small at the 
low velocities of 1 fps or lower commonly found in water-works 
mains but with carbon tetrachloride properly mixed with benzine 
to give a specific gravity of 1.25, a differential of four to one was 
available, which proved to be most useful. 

After overcoming U-tube troubles it was next in order to dis- 
cover why the hook-and-point type of pitot tube gave such erratic 
and inconsistent results on calibration. After many attempts, 
the Darcy plan of turning the static tube downstream was tried 
and immediately the calibration points began to fall within 
more narrow limits and a practical form, Fig. 6, was at last 
available. 

Many years of experience with this combined type of pitot tube 
or pitometer has shown that it has the unique advantage of re- 
versibility. A ready and rapid means of checking its own read- 
ing is afforded by rotating through 180 deg. This is of great 
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practical value in the field where it is usually difficult to obtain a 
zero check. 

Later, in 1897, during a systematic field survey carried out with 
the newly developed pitometer at Terre Haute, the need was 
felt for continuously recording the U-tube deflections, and pho- 
tography was tried with poor results until the proper method of 
focusing the U-tube on the sensitized paper was found. At first 
one leg of the manometer was placed before a slot on the other 
side of which was a revolving drum carrying the sensitized paper. 
Light from an oil lamp passing through the glass tube focused 
upon the slot, thus leaving a record of the liquid height. 

With slightly colored liquid partially intercepting the light, a 
gray-and-black record was formed. With mercury as the mea- 
suring liquid for high velocities the light was entirely intercepted 
giving a white-and-black record. Errors resulting from the ver- 
tical angularity of the light rays were compensated for by properly 
spaced notches in the slot plate which automatically ruled lines 
upon the photo record corresponding to the true half deflections 
in the U-tube itself. 

After some ten years of use this device was improved by the 
addition of a double prism between the lamp and the U-tube so 


Fie.9 A Repvucep SECTION oF A Prism PHoto-Recorp, RECORDING 
Boru Leas or U-Tuse MANOMETER 


that the liquid height in both legs of the manometer was re- 
corded to 3 in., Figs. 8and 9. Pressure and temperature changes 
were also recorded along with the velocity variations. The 
original design of the tube with its upstream and downstream 
orifices has been improved upon from time to time, but the 
essential principles of the pitometer developed in 1896, have been 
retained. 
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PRaActTIcAL APPLICATION TO FLOW MEASUREMENT 


From nearly 40 years of experience it has become apparent that 
certain fundamentals must be considered in order to insure accu- 
racy of flow measurements. Some of these are intimately related 
to calibration while others are details in technique of operation. 

The following items must be considered in connection with 
calibration: 


1 For important tests the tube must be calibrated. 

2 Proper correction must be made for the effect of the projected 
area of the rod. 

3 The effect of angular and eddying flow in the normal pipe line 
may be corrected by a cosine-reading type of tube such as shown 
in Fig. 29. 


The following details of operation which comprise the pitot- 
traverse method are important: 

(a) A proper selection of the gaging point must be made. 

(b) The pipe factor, i.e., ratio of mean to center velocity, is of 
fundamental value and is determined by traversing the pipe. 
The mean velocity of the traverse is obtained by ring integration, 
and the value for the center velocity is taken from the traverse 
curve. 

(c) All readings of the deflection should be made throughout a 
full cycle of flow and careful attention given to the U-tube and its 
connections, and the specific gravity of the measuring liquid. 

(d) For large pipes attention should be given to the possible 
effect of vibration of the pitot tube. 
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1 Calibration 


The determination of c in the formula V = ¢ ¥(2gH) must be 
determined by calibration. Calibrations may be made in moving 
water or in still water, and present indications lead the author to 
believe that with the proper correction for the projected area of 
the rod, when used in pipes, calibrations by either of these meth- 
ods will give the same results. 

In moving water the pitot-tube readings are compared with 
velocity as given by floats in an open stream or, if the rating is in 
a pipe, the pitot tube itself is used to compute the mean velocity 
from a velocity traverse, which is then compared with the mean 
velocity given by weir or tank measurement. 

A still-water rating may be made by moving the pitot tube 
ahead of a boat drawn at known speeds or by driving it through 
still water by a revolving boom or a car running over a tank. 

Before describing the calibration tests of the author’s tube, it 
may be interesting to present a summary of some available cali- 
bration data on both types of pitot tube. This summary is 
given in Table 1. 

Calibration Research, 1930. In order to determine accurately 
what errors are introduced in the manufacture of the tubes and in 
their calibration, seven different tubes were tested at the Alden 
Hydraulic Laboratory, Worcester Polytechnic Institute, in 1930. 
Five of the tubes conformed to a standard while two others 
differed slightly in curvature of tips. These tubes were cali- 
brated in the 16-in. throat of the 36 xX 16-in. venturi meter, 
and in the 12-in. line. The results are as shown in Fig. 10. 


TABLE 1 SUMMARY OF PITOT-TUBE CALIBRATION DATA 


Experimenter Method of calibration 


Darcy, Bazin 
surement of known flow 


Gregory and Maltby 

White 

Pardoe 

Pardoe 

Boyd and Judd 

Alden Hyd. Lab., Worcester P. I. 


Studies of pitot tube 


pipe 
Floats in moving water 
Moving water—weir 
Floats in still water 
Darcy, Bazin, or Murphy as Moving water 
summarized by Parker! Ine water 


Floats in still water 
Still water 


Weighing-tank measurement of flow in pipes 
8-in. and 4-in. pipes, flow by weighing tank 


Type of tube Coefficient Remarks 


Still water, floats in moving water, and mea- 


Combined (Fig. 2) 
Combined (Fig. 5) 
Simple 


1.00 
1.00 
1.00 


9 des Ponts et Chausses, 1858 and 


Used and calibrated by the New Orleans 
Sewage & Water Board. 

Tube not calibrated but. = 
proved in which case c = 

University of Pennsylvania, 1908. 

University of Pennsylvania, 1934. 

Engineering News. Freeman's work 
repeated, 1904. 


Impact orifice, Fig. 6, 1930. 

92 ratings. 

87 ratings. 

1.034 32 ratings. 

0.875 Both orifices directed against current but 
, pe orifice plugged and a sm 

ole 0.04-in. diam, pierced 
orifice directed against the cur- 
0.991 rent, pressure orifice facing downstream. 


Simple 
Simple 
Simple 


1.00 
0.982 
1.00 


16-in. throat of venturi meter, 12-in. steel 


Simple 
Darcy 
Darcy 
Darcy 
Combined 
Combined 


Combined 
Combined 


0.994 
1.006 
0.993 


1“‘Control of Water,’’ by P. M. Parker, D. Van Nostrand Company, New York, 1913, p. 69. 
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An explanation of the 1930 tests will aid in making comparisons 
of the various calibrations presented. 

The 16-in. throat of a 36-in. venturi meter has long been used 
for calibrating purposes at this laboratory because of the smooth 
flow and flat velocity curves with their high pipe factor of about 
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server, and the figures set up on a calculating machine. Ten 
readings of head were taken for each position of the rod shown in 
Fig. 6, i.e., with A tip upstream and with B tip upstream. The 
head on the weir was read and then the discharge was adjusted 
to a new value for the next test. 
Variations in velocity under the uni- 
form head available were so small that 
\ the mean of the readings was assumed 
to be the mean head for each run in- 
stead of taking the average of the square 
a roots of the U-tube deflections. 
| The test procedure in the 12-in. line 
calibrations was practically the same 
| as in the 16-in. throat with the exception 
that the mean velocity was obtained by 
| weighing-tank measurements. The pip- 
| 
| 


50.000 
WEIGHING TANK 


ing layout for these two gaging stations 
is shown in Fig. 11. 

The 12-in. steel pipe line is believed 
to afford fairly normal flow conditions 


under the constant laboratory head of 
about 30 ft. The effect of two standard 
pipe elbows in different planes at the en- 
trance was minimized by the use of 


SECTION AT TAPS 


Fie. 11 Apparatus Usep ror Ratine Pitot Tuses at ALDEN HyprRAULIC LABORATORY 


FLECTION - FEET WATER 


Fic. 12 Traverse Curves or Fiow 1n 16-In. VENTURI THROAT, 
ALDEN Hypravtic LABoraTory, 1934 


0.96. For traversing, the pitot tube was inserted through 1-in. 
cocks 90 deg apart in the bronze throat piece, and for calibration 
the orifices were located 4 in. in on the horizontal diameter. 
The flow was measured over a 10-ft contracted weir which had 
been calibrated by the weighing tank, using the increment 
method as in Fig. 11. 

Pipe factors, described in detail later, for the 16-in. and 12-in. 
sections, were carefully determined by means of double traverses 
before and after the series of tests. Sample traverse curves are 
shown in Figs. 12 and 13. 

The test procedure in the 16-in. throat was as follows: After the 
discharge had been set to a desired value, about 10 to 15 minutes 
were allowed to elapse to secure steady-flow conditions in the 
penstock and over the weir. The U-tube deflections with the 
pitot tube at the gaging point were then read in feet of water at 
the rate of about ten times per minute by an experienced ob- 


straightening vanes as shown by the ex- 
cellent symmetry of the velocity tra- 
verses in Fig. 13. 

As may be noted in Fig. 10 there was a 
difference in coefficient between the 16-in. 
throat and the 12-in. line and further 


ING 
> 
| 

= 7 7 w 

< 
FAR SIDE OF PIPE | 

7 8 9 i 12 
YDEFLECTION - FEET WATER 
OVERTICAL TRAVERSE * HORIZONTAL TRAVERSE 

Fig. 13 CuRVES OF FLow 1Nn 12-IN. Pipe. GaAGING 
Station 38 Fr DowNSTREAM FROM STRAIGHTENING VANES. ALDEN 


Hypravutic LaBoraTory, 1934 


investigations of the reasons for the discrepancy were thought 
necessary. 

Calibration Research, 1934. In 1934 it was decided to have 
three of the pitot tubes (rods 162, 403, 617, for which calibration 
curves are shewn on Fig. 10) which were calibrated in 1930 re- 
calibrated at the same gaging stations in the Alden Hydraulic 
Laboratory. To these calibrations was added a calibration made 
in still water. An 84-ft lattice steel boom was suspended from a 
ball bearing on top of a vertical shaft. This shaft was imbedded 
in the top of a boulder about 60 ft from one shore of a three-acre 
pond. The water surrounding the station was normally 6 to 7 
ft deep. The pitot tube mounted on the boom swept through a 
circle of 36.11 ft radius. The speed of the boom was obtained 
from contacts made at each revolution and recorded on a 
chronograph. 

The pitot heads were measured by water columns under partial 
vacuum, and the difference in heads was read about 15 times a 


= 
3 

33 

<4 
ae a ' 

| 

G 

HRO 
=) 

ti 

Leow 

ites 


HYDRAULICS 


minute by an observer who rode the boom. These were at once 
set up on a calculating machine which gave the mean deflection 
for the run. The speed of the boom was regulated by a special 
governor and as its variation was small it was considered that the 
mean U-tube head was close to the true head for each run. The 
centrifugal effect was balanced by using equal lengths of hose and 
by having the U-tubes at equal radii. Care was taken to check 
the zero readings at intervals by stopping the boom. 

The possibility of circulation effects in the water caused by the 
rotation of the pitot tube was carefully studied. No appreciable 
amount of circulation was evidenced under the most severe tests. 
One series of tests was made in which the rotation of the boom 
was reversed. The elapsed time from the moment the speed in 
one direction waschanged until full speed in the reverse direction 
was attained amounted to 3 or 4 min. The pitot heads read 
when the boom was going in one direction substantially agreed 
with the heads read with the boom going in the reverse direction. 
Other tests were made in which the coefficient of the pitot tube 
obtained by the boom rating was compared under various con- 
ditions of rating. Obstructions were placed on the opposite end 
of the boom so that considerable disturbance of the water was 
created. Apparently this disturbance died down very quickly 
for the coefficients of the pitot tube remained the same regardless 
of the conditions thus introduced. 

On account of the size, shape, and depth of the pond the co- 
efficients obtained by the boom calibration were not subject to 
error caused by circulation of the water. 

The scattering of the points in the boom ratings, Figs. 14 and 
15, was due in part to varying conditions of wind and weather on 
the pond. That more uniformity of readings is possible with the 
boom method is shown by the test points in Fig. 30 which were 
obtained under more favorable conditions. 

The results, Figs. 14, 15, and 16, showed agreement between the 
boom and the venturi throat, while the calibration in the 12-in. 
line was about 2 per cent lower. -It was decided at this time that 
the amount of correction of the area of the projected rod should 
be carefully determined. 


2 Correction for Projected Area of Rod 


For many years a correction had been applied to the pipe 
area to compensate for the projected area of the rod. This cor- 
rection was arrived at by more or less arbitrary methods and was 
applied by deducting from the pipe area an amount equal to the 
full area of the rod in the direction of flow, when the orifices were 
at the center of the pipe. 

Correction at Alden Hydraulic Laboratory, 1930. For the cali- 
brations made at the Alden Hydraulic Laboratory in 1930 a some- 
what different analysis was made, and a revised correction 
amounting to one-third of the area of the projected rod when the 
orifices were at the center of the pipe was arrived at in the fol- 
lowing manner. 

When the instrument is on the far side of the center of the 
pipe, the area of the pipe is reduced and the mean velocity by that 
section is increased above the value when the instrument is not 
present. Assuming that the ratio of the point velocity to mean 
velocity remains constant, the point velocity obtained will be too 
great by the ratio of the area of the pipe to the area of the pipe 
minus the effective area of the pitometer. 

If the point velocity obtained were to be corrected at the centers 
of rings of equal area, for any given ring there would be a plus 
correction on one side of the center and a minus correction on the 
other side, assuming the readings are to be corrected with respect 
to the pitometer at the center. The average amount by which 
the two velocities in a given ring exceeds the true values would be 
equal to the amount by which the measured center velocity 
exceeds its true value without the instrument in place. 
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Since the pipe factor is the ratio of the average velocity in the 
centers of rings of equal area to the center velocity, the value 
of the pipe factor is not changed by the presence of the instru- 
ment. However, the shape of the traverse curve may be dis- 
torted, the measured velocities being higher on the far side of the 
center of the pipe. 
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Although the value of the pipe factor is not affected by the 
presence of the instrument in the pipe, the value of the coefficient 
is affected and should be corrected when the rating is done in 
small pipes. Assuming the instrument is set at the center of the 
pipe, the mean velocity at a given discharge is increased above its 
actual value without the instrument in the pipe, by an amount 
depending on the projected area of the instrument set at the 
center. 

The theory which resulted in a correction of one-third the 


| 

CORRECTED) 

7 3 3 10 

GEE 

© A TIP - UPSTREAM 

were 

ag 


288 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


projected area of the rod was based on the assumption that only 
the trailing orifice was affected by the presence of the rod. It 
was assumed that the upstream orifice was not affected and since 
the trailing orifice is about one-half as efficient as the upstream 
orifice, it contributes one-third of the total deflection of the 
instrument.” 
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Correction Studies at Alden Hydraulic 
Laboratory, 1934. In 1934a preliminary 
test was made at the Alden Hydraulic 
Laboratory to determine whether the cor- 
rection might be larger than had been 
assumed. The method was to locate a 
pitot tube as an index rod at some point 
in the pipe and without changing its 
position to move a second or dummy 
tube across the pipe on another diame- 
ter in the same section. It was in- 
dicated by the first pitot tube, that 
the further the dummy rod was pro- 
jected the greater would be the velocity 
indicated by the index tube. It was ap- 
parent that the dummy rod would dis- 
turb the flow past the index tube if it 
were too close and various positions of 
the indicating rod were tried to note | WEIGHING 
the effect of the disturbance. The re- | i ranxs 
suits are shown in Fig. 17 and, although , De 
being far from conclusive chiefly because 
of disturbance effects, they indicated at Sat 
the time that the correction for the rod 
in the 12-in. line was greater than one- 
third the projected area. 
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A set of tests was then devised which would give some quanti- 
tative data on the amount of the correction. The method was to 
build up the cross-section of the rod in such a way as not to dis- 
turb the flow past the orifices, but to make an appreciable change 
in the net area of the pipe. The rod was built up by pieces of 
1-in. dowel which were split and made to fit either side of the rod. 
The lower end of the dowel was tapered to a point 1 in. from the 
orifices. The section thus built up was wrapped with friction 
tape and shellacked. The cross-sectional area of the built-up 
rod in the direction of flow was determined by means of calipers. 

The procedure was to build up the cross-sectional area of a 
calibrated rod and then to recalibrate it in both the 12-in. line 
and the 16-in. throat at velocities of 8, 9 and 10 fps. The re- 
sulting change in coefficient was assumed to be due entirely to the 
change in area of the pipe caused by the increased cross-sectional 
area of the rod. Four built-up sections were tried, the largest 
being 1 in. in diameter. The results are shown in Fig. 18. 

University of Pennsylvania Tests. A third method for arriving 
at the proper correction seemed desirable and this was carried 
out at the University of Pennsylvania. Two of the three rods 
(Nos. 162 and 617) calibrated at the Alden Hydraulic Laboratory, 
were rerated by Professor Pardoe at the University of Pennsyl- 
vania in pipes of 4, 6, 8, 10, and 12 in. diameter. Fig. 19 shows 
Professor Pardoe’s calibrations for rod No. 617. The method of 
calibration was different in some respects from the calibration 
at the Alden Hydraulic Laboratory. The piping layout is shown 
in Fig. 20 and it may be noted that the gaging station for the 12- 
in. pipe is only 15 diameters below a contraction. The distri- 
bution of velocity at the gaging station is illustrated by the tra- 
verse curves shown in Fig. 21. Instead of obtaining the indi- 
cated mean velocity by readings of the center velocity and pipe 
factors (ratio of mean to center velocity) as was done at the Alden 
laboratory, the procedure was to measure the mean velocity by 
traversing and to compare it with the true mean velocity as de- 
termined by weighing-tank measurements. The flow was well 
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normal rod in the direction of flow, with the orifices at the center 
of the pipe, to the area of the pipe, for each size pipe was com- 
puted and is shown in tabular form in Fig. 22. The values are 
plotted in Fig. 23. A sample computation for the 4.281-in. diam 
pipe follows: 


Length of projected rod, orifices at the center = 2.14 in. 
Cross-sectional area of rod in direction of flow: 
80 in. X 0.190 in. 
0. 160 in. X 0.290 in. 
0.231 in. X 0.368 in. 
0.070 in. X 0.290 in. 
ee tubes.. 0.900 in. X 0.250 in. 
Projected length = 2.141 in. 
Area of projected rod in “NO of flow = 0.5249 sq in. 
Area of projected rod = 0.5 vc pel = 0.00365 sq ft 
Area of 4.281-in. diam pipe = 0. 100 s 
Area of —~jia rod/area of pipe = 0 60365/0. 100 = 0.0365 = 3.65 
per cen 


0. 2250 in. 


Similar computations give a ratio of 1.64 per cent for the 
12.098-in. pipe, a difference of 2.01 (3.65 — 1.64 = 2.01)per cent 
from the ratio for the 4.28l-in. pipe. The coefficient obtained 
in these two pipes differed by 1.9 per cent at velocities of 8.9 
and 10 fps. Fig. 18, the University of Pennsylvania correc- 
tion curve, was determined by points obtained in this manner, and 
plotted with the percentage of change in coefficient as the ordi- 
nate, and the change in ratio of areas as the abscissa. 

For the W.P.I. correction curve, Fig. 18, the cross-sectional 
area of the built-up rod, as well as the ratio of this area to the area 
of the pipe, was computed by the same procedure as shown in the 
sample computation for the 4.281-in. pipe. The per cent change 
in coefficient resulting from the change in area of the pipe caused 
by the built-up rod, was plotted, as above, against the change 
in the ratio of projected rod areas to pipe area. 
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Fig. 18 do not give the same results, and the difference is probably 
due to errors which are present in each method. For the Uni- 
versity of Pennsylvania curve, an error is introduced in the de- 
termination of the area of the orifices. That this error may be 
large is shown by the fact that in the sample computation, the 
area of the orifices is 28 per cent of the total projected area of 
the rod. However, an error of this size is not introduced by in- 
accurate measurement, but rather by an assumption that the 
entire area of the orifices is effective in reducing the area of the 
pipe. Fig. 6 shows the open construction of the tips and although 


It should be noted that the two correction curves shown in some investigation has been made it is not definitely known what 
part of the orifices is effective. If the area of the orifices were neglected in the 
computation of the area of the projected rod, the University of Pennsylvania 
curve would be raised above the W.P.I. curve. 

The error in W.P.I. curve is of a different nature because the area of the ori- 
fices is relatively small compared to the area of the projected rod, and is probably 
introduced by local disturbance on the orifices. Although the built-up sections 
were designed to produce a minimum amount of disturbance, it is possible that 
some disturbance was still introduced. 

For lack of better information the mean of the University of Pennsylvania and 
the W.P.I. curves has been used in this paper. 

Use of Correction Curve. The use of the correction curve is made clearer by a 
study of Fig. 19, the calibration of rod No. 617 in various-size pipes made at the 
University of Pennsylvania. In Fig. 24 the coefficient obtained for a given ve- 
locity is plotted against the pipe diameter. It will be noticed (Fig. 19) that for 
any velocity the coefficient decreases as the pipe diameter decreases. In other 
words, as the ratio of projected rod area to pipe area becomes greater the co- 
efficient becomes smaller. 

A series of ordinates has been added, Fig. 24, to show the corrected coefficient 
at any given velocity. These ordinates are obtained from Figs. 23 and 18 in 
the following manner: 

From Fig. 23 we see that in a 12-in. pipe the ratio of the area of the projected 
rod to the area of the pipe is 1.64 per cent. Entering the mean curve on Fig. 18 
with 1.64 per cent on the abscissa we find the corresponding change in coefficient 
is 2.0 per cent. The coefficient obtained in the 12-in. pipe should then be raised 
2.0 per cent. The coefficient in the other sizes of pipe can be corrected by fol- 
lowing the same method. The result will be that at a given velocity the corrected 
coefficient will be the same in any size of pipe. The corrected coefficients at each 
velocity can then be plotted to give a coefficient curve which will hold for any 
velocity. 

In practice it might be more convenient to use the coefficient which applies to 
the pipe in which one is working. For reasons which will be apparent later it 
has, however, been desirable to determine the corrected coefficient in the 12-in. line. 

Correction in 16-In. Throat. For these tests the orifices were located 4 in. in 
on the horizontal diameter and no correction for the area of the projected rod was 
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for the projected area of the rod has never before received proper 
attention, and this may account for apparent inconsistencies in 
pitot-tube calibrations. 

Where the pitot tube is supported on a streamlined rod passing 
entirely across the pipe so that a traverse involves no change in 
the projected area, the author believes some correction for the 
presence of the pitot tube must still be made if it is to be used in 
another size of pipe or is to be compared to still-water or large 
venturi-throat rating. 

Application of Correction to 1934 Calibrations. The mean cor- 
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been pointed out by Moody" that angularities of short duration 
had little or no effect on the pitot tube. 

Professor Allen“ gives data for computing the angular flow as 
shown by the spread of salt solution. His tests, which were made 
in a 40-in. penstock, indicate a maximum angularity of 6 deg, 
which value is practically constant at 5 and 10 ft downstream 
from the injection tube. 

The most conclusive evidence showing the small effect of angu- 
larity or eddying flow on the pitot tube is to be found in the close 
agreement of the three methods of calibration herewith presented. 


Fic. 26 


rection curve which has been adopted was used to correct the 
calibrations made in the 12-in. pipe at the Alden laboratory, and 
in the various sizes of pipe at the University of Pennsylvania. 
Figs. 14, 15 and 16 show the test points obtained in the Alden 
laboratory calibrations as well as the corrected 12-in. line coeffi- 
cient. Fig. 25 is a summary of all the calibrations and shows the 
agreement obtained by calibration in still water, the 16-in. throat, 
and in the 12-in. line. 

The calibrations made at the University of Pennsylvania with 
corrections by the three different methods are shown in Fig. 19. 


3 Angularity and Eddying Flow 


Angularity of flow in pipes has been much discussed. Theo- 
retically, the simple pitot tube over-reads in angular flow, but this 
error is small as shown by the fact that the difference between the 
value of V cos a, and V/(cos a) is but 0.2 per cent with a = 5 
deg, and this paper will attempt to show that the mean angularity 
of turbulent flow in the normal pipe line may not be as great as 5 
deg. It should be observed in passing that tests to determine the 
angularity characteristics of a pitot tube, i.e., rotating the tube 
about its axis, must be made under proper conditions. Tests 
made by rotating the long tip of a simple pitot tube at the center 
of a 12-in. pipe might throw the point of the tip a considerable 
distance from the center and into a lower velocity, thus requir- 
ing a greater angle to produce a given coefficient. When in 
turn the degree of angular flow in a pipe is inferred from a com- 
parison of coefficients, it is evident that the inferred angularity 
may be much too large. 

In order to study angular flow in pipes, the device shown in 
Fig. 26 was constructed with a cross-shaped vane free to move 
with the water in any direction up to about 30 deg from the pipe 
axis. The friction and inertia of this indicator was made as small 
as possible, its shaft being mounted in stainless-steel ball bear- 
ings. Its behavior was observed under normal flow conditions, 
and also with distorted flows as produced by bends or a nearby 
partly opened gate. 

With normal flow, readings failed to show an average angularity 
as great as 5 deg. The indicator was in constant and rapid vi- 
bration through small angles with an occasional jump to 10 or 15 
deg for an instant only as was shown by motion pictures. It has 


INDICATOR FOR STUDYING ANGULAR FLOow IN PIPES 


The angularity characteristics of the author’s pitot tube are shown 
in Fig. 27. It will be noted that when rotated through an angle of 
5 deg, the tube over-reads the cosine value by 1 per cent. The 
fact that the same coefficient was obtained in still water, in the 
smooth flow of the venturi throat, in the turbulent flow of the 
Alden laboratory 12-in. line and in the turbulent flow of the Uni- 
versity of Pennsylvania 12-in. line, indicates that turbulent ‘or 
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Fig. 27 ANGuLarity Errors or REVERSIBLE Pirot 


eddying flow such as encountered in normal pipe lines does not 
subject the author’s pitot tube to appreciable errors. 

In view of this evidence it seems that the existence of angles 
of 20 or 30 deg as claimed by some writers needs substantial proof. 


Tue Pirot-Traverse 


Broadly speaking, this method may include gagings made with 
the simple pitot tube and wall piezometers, but this paper is 
chiefly concerned with the combined type. With proper atten- 
tion to details of operation, flow measurements by readings of the 
center velocity are made rapidly and accurately. 


15 ‘How Water Flows in a Pipe Line,” by C. M. Allen, Mechani- 
cal Engineering, vol. 56, February, 1934, pp. 81-84. 
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(a) Selection of the Gaging Point. Although many important 
gagings have been made it is difficult to lay down a simple rule for 
guidance in selecting the gaging point. Actual conditions must 
govern and sometimes it is necessary to accept the best com- 
promise location and make trial velocity traverses of the pipe to 
indicate the suitability of the gaging point. Here, as elsewhere, 
there is no substitute for experience. 

In general, the longest possible straight length of pipe upstream 
should be selected, and not too close to a downstream bend or 
fitting. Sometimes ten diameters upstream, and two diameters 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


factor in connection with readings of center velocity, and also for 
the continuous recording of flow in « ‘pe line. With the pipe 
factor it is only necessary to make a : vutinuous record of center 
velocities. 

(b) Traversing and Ring Integration. Traversing and the ring 
method of computing mean velocity from the velocity traverse are 
now well described in many textbooks and need not be repeated 
in detail here. The errors of computation are small if as many 
as ten equal-area rings are used and if two diameters at right 
angles are traversed. It is well to have one diameter in the plane 

of an upstream bend in order to judge the lack of 


= symmetry in velocity distribution. 
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With unsymmetrical curves it is not safe to as- 
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sume the horizontal traverse to have the same ratio 
of mean velocity to center velocity as the vertical 
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velocity. With two traverses 90 deg apart there 
M ! are, of course, four values of velocity for each ring. 

In making velocity traverses it is important to 
secure readings close to the wall of the pipe and to 


do this the orifices are formed as shown in Fig. 6. 


It is good practice to check back to the center 
velocity at frequent intervals during a traverse in 


order to avoid readings which are not comparable 


because of a change in the cycle of flow variation. 


12-FT, PIPE 


When traversing with an unsteady flow, as in water 


2 


mains or power penstocks under variable load, it is 
convenient to use a second pitot tube set near the 


point of maximum velocity. The function of this 


second tube, called a “pilot meter,” is to indicate 


flow while the traverse is being made so that 


FACTORS V 


readings may be taken only at some predetermined 


rate. 
Fluctuations in velocity may be very large in 


+ SHAW COLE 
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water-works service mains, but in water-power 


| 


penstocks with wheels at a fixed gate opening the 


velocity variation through a full cycle is usually 


CENTER VELOCITY -FT. PER SEC. 


DIAMETER PIPEs 


downstream will give good results, depending on conditions of the 
pipe line and flow. 

The pipe factor or ratio of mean to center velocity has great 
practical value, because, when once obtained for a given gaging 
point in a pipe line, it holds good for a considerable time or until 
the roughness or tuberculation of the pipe wall has increased de- 
pending on the nature of the pipe and its coating, and upon the 
chemical character of the water. Sometimes the pipe factor will 
hold good for years, as for example in the cast-iron mains of a 
water works carrying the relatively hard water of the Great Lakes 
cities. 

Although the pipe factor may be shown to have a theoretical 
value of 0.83 upon the assumption that the velocity traverse is a 
semi-ellipse and cylinder, it seems useless to attempt to predict 
pipe factors in pipes of a given age or condition, for they vary 
from 0.70 to 0.90 according to local conditions and with some 
forms of vortex or spiral flow with depressed center velocity the 
pipe factor may even exceed unity. 

If the pipe factor changes at all with ordinary velocities it does 
so very slowly. A comparison of determinations in water-power 
penstocks and in smaller pipes is shown in Fig. 28. 

The pipe factor gives a ready means of making short tests, for 
example, in a penstock when interpolating between traverses 
made at several gate openings, for repeat measurements at gaging 
points of a city distribution system using the established pipe 


Fig. 28 Comparison OF Pipe Factors ror LARGE PENSTOCKS AND SMALLER- 


relatively small. It is sometimes important to 
dampen large variations in the manometer by 
throttling the connections. To do this without 
affecting the mean reading requires care; and the 
form of pinch cock used on the rubber hose should compress it 
symmetrically as to inlet and outlet to obtain the best results in 
producing a mechanical average. 

The method of ring integration used at the Alden laboratory for 
the tests described in this paper was as follows: 

Traverses were made on two diameters, 90 deg apart. Read- 
ings were taken at the respective centers of area of ten rings of 
equal area. The position of the center of area for each ring was 
determined as follows: Ring No. 1 = Ry/(0.05), ring No. 2 = 
RV/(0.15), ring No. 3 = R\/(0.25), ring No. 4 = R/(0.35), etc., 
where R = radius of pipe. The square roots of the pitot-tube 
deflections for each diameter were plotted to a large scale and 
smooth curves were drawn through the test points. From each 
curve twenty readings of the square roots were taken at the re- 
spective centers of area, making forty readings, and these were 
averaged to obtain the mean square root for the gaging section. 
This method is more accurate than that by the use of the mid- 
point of equal areas or by the average of the boundary readings 
of the rings of equal areas. 

With mean velocity thus obtained the pipe factor is computed, 
which in a case of straight pipe lines is a criterion of pipe-wall 
roughness; and in any pipe line reveals the suitability of flow 
conditions at the gaging point. 

Repeat traverses at the same location have frequently been 
found to check the pipe factor within 0.2 per cent and this is ex- 
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cellent assurance of the accuracy of the pitot-traverse method. 
Further assurance is to be found in the agreement between the 
Alden laboratory calibration made by pipe factors, and the Uni- 
versity of Pennsylvania calibration made by constant traversing. 

(c) Reading of Center Deflections. In obtaining the center ve- 
locity head or deflection which by the use of the pipe factor may 
be converted to mean velocity, it is important to have the manome- 
ter and all connections from the orifices to the manometer leak- 
tight and entirely free from air. The glass U-tube or manometer 
should be clean so that the measuring liquid has a well-shaped 
meniscus and the specific gravity of the liquid should be deter- 
mined in the U-tube itself, at the temperature of use. Readings 
of the manometer deflection should be made at frequent intervals 
throughout a full cycle of flow. These precautions, of course, ap- 
ply to traversing as well. 

In reading manometer deflections with eddying flow in nor- 
mal pipe lines there are pulsations in the U-tube which take place 
in cycles. If we record the readings through a full cycle we have 
the mean of the squares of the varying velocities and it has been 
claimed that this results in over-reading, but as the error is but 
0.15 per cent with 5 per cent change in velocity'* we may disre- 
gard it where fairly uniform flow is found. 

A motion-picture record of pitot-tube deflections throughout 
typical velocity cycles was made both for 12-in. and 40-in. pipe 
lines with normal flow conditions under the uniform head avail- 
able at the Alden Hydraulic Laboratory. This record showed two 
things, first, that the velocity changes are very small and, second, 
that these changes follow in well-marked cycles. 

In these tests three pitot tubes were set at three points at the 
same section in a 40-in. pipe and at two points in a 12-in. pipe, 
each having exactly the same length of hose connections. No 
throttling of the lines was employed, yet the U-tube readings 
changed very slowly. 

Variations caused by load changes may or may not follow a 
cycle but in important tests the load is always made as steady as 
possible. 

In small pipes such as are found in city water works the pipe 
is tapped under pressure on the vertical diameter in the usual 
way; the pitot tube is attached to the 1-in. corporation cock and 
its manometer is connected. The air is blown off from the U- 
tube and connections. The pipe is traversed usually with but 
five equal-area rings and the pipe factor is computed rapidly with 
the aid of a prepared form for the field notes. Where it is only 
necessary to know relative flows or changes, a single traverse of 
five rings is quite sufficient. The pipe diameter is determined by 
means of a special caliper. 

In large pipes it may be necessary to traverse an alternative 
location in order to select the best point. Two diameters should 
be traversed, and the use of 15 rings is recommended. The pilot 
meter is usually of great assistance in securing a good traverse. 

(d) Vibration of the Pitot Tube. With large-diameter pipes and 
moderate velocities, or with moderate-diameter pipes and high 
velocities, attention should be given to possible vibrations of the 
pitot tube. Slight vibrations do not seem to affect the readings 
of velocity head but large vibrations may increase them. It is 
well to check readings near the far side of the pipe by inserting a 
short pitot from that side so that its tips may stand close to the 
end of the vibrating rod. Oval sections with 2-in. major axis 
and 1-in. minor axis with tips as shown in Fig. 6 have been used 
successfully in pipes 12 ft in diameter without extra support. 


Tue Heavy-Duty Rop 
The pitot tube shown in Fig. 29 is a heavy-duty rod which has 


16 “Applied Hydro- and Aeromechanics,’’ based on lectures by 
L. Prandtl and O. G. Tietjens. Translated by J. P. Den Hartog, 
McGraw-Hill Book Company, Inc., New York, 1934, p. 47. 
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been used on ships with success. Its strength and rigidity have 
been demonstrated in practice where with 4 ft of unsupported 


projection, velocities of 50 fps have failed to disturb it. Because 
of its great strength, this rod, without the aid of extra supports 
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Fie. 29 Costne Type or Heavy-Duty Piror Tuse ror LarRGE- 
DIAMETER Pipes AND Hien VELOCITIES 
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Fie. 30) RatInG or THE Pitot TuBEe SHOWN IN 
Fie. 29 


within the pipe, is specially adapted for high velocities and large 
pipe diameters. 

Because the pitot tube shown in Fig. 6 over-reads the cosine 
value by 1 per cent when rotated through an angle of 5 deg, con- 
siderable experimental work has been done in the last 2 years at 
the Alden Hydraulic Laboratory to develop a tube which will read 
the cosine to 5 or 6 deg and at the same time have a fixed coeffi- 
cient over a great range of velocities. Figs. 30 and 31 indicate 
the degree of success which has been attained by the use of the 
heavy-duty rod. Many calibrations of this type with its practi- 
cally uniform coefficient were made at the Worcester revolving- 


Fig. 31 Costing Curve ror Heavy-Duty Pitot Tuse 


boom rating station to a maximum speed of 20 fps and this speed 
was later extended to 50 fps when the tube was installed on a 
ship and rated over a measured mile. 


SUMMARY 


(a) The pitot tube, both simple and combined, is well adapted 
for the measurement of flow in pipes under pressure. 

(b) The coefficient of the simple pitot tube is practically unity 
for normal flow. 

(c) The coefficient of the combined pitot tube (D’Arcy type) is 
also practically unity for normal flow. 

(d) The coefficient of the reversible type (Fig. 6) is as shown 
by the calibration curves, Figs. 19 and 25, and ranges from 0.870 
at 10 fps to 0.885 at 3 fps and is practically unaffected by angu- 
larity to 3 deg. 

(e) The average angularity of flow in normal pipe lines is com- 
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monly less than 5 deg, although sudden angular fluctuations are 
occasionally as high as 15 deg. 

(f) The pitot tube, Fig. 6, reads close to the cosine of angular 
flows to 3deg. The heavy-duty type of pitot tube, Fig. 29, reads 
close to the cosine of angular flows to 6 deg, Fig. 31, and has a 
practically uniform coefficient from 3 to 50 fps. 
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(g) Pitometer ratings made in still and moving water agree 
within 0.5 per cent of their mean values, when the proper correc- 
tion is made for the area of the protruding tube under usual con- 
ditions of angularity and eddying flow when rated in a pipe. 

(hk) This method in common with all other methods of water 
measurement should be used by trained and experienced men. 
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Research Investigation of Current-Meter 
Behavior in Flowing Water 


By S. LOGAN KERR,' PHILADELPHIA, PA. 


This paper investigates the inconsistencies of flow mea- 
surements in closed flumes by means of current meters. 
It describes (@) the construction of a flume in which two 
meters were installed side by side and tested under varying 
conditions of flow, (6) the velocity distribution in the 
flume, and (C) the establishment of the true velocity plane 
across the face of the meters by means of a pitot tube. 
The pitot-tube coefficient was established for each flow 
condition, thus providing an accurate means of establish- 
ing the actual velocity existing in front of the current 
meter. 


N ORDER to investigate certain inconsistencies in the 
measurement of flow in large hydroelectric plants by means 
of current meters, a research program was undertaken by 

the I. P. Morris Division of Baldwin-Southwark Corporation in 
their hydraulic laboratory at Eddystone, Pa. The original 
investigation included the study of available literature, princi- 
pally a paper by Messrs. Nagler and Yarnall at the University 
of Iowa, where current meters were placed in flowing water and 
oscillated back and forth, and also set at various angles with the 
flow, in an attempt to establish their behavior under turbulent 
conditions. It is felt, however, that this particular study did 
not actually simulate conditions under which current meters are 
frequently used in connection with measurements of the effi- 
ciencies of hydroelectric units. 

The resolution of turbulence into the two elements, angularity 
and variations in forward flow, seems to omit the very important 
factor of the variation of velocity across the face of the meter and 
the rapid fluctuation of velocity distribution in turbulent water. 

To investigate this phenomenon properly, it was decided to 
construct a flume in which two current meters could be installed 
side by side and tested under varying conditions of flowing water. 
Means were arranged for visual observation of the degree of tur- 
bulence present at the metering section. The original program 
was expanded considerably to include the investigation of ve- 
locity distribution in the flume, and particularly the establish- 
ment of the true velocity plane across the face of the meter by 
means of a pitot tube. All of the discharge measurements were 
checked by a calibrated weir, which was normally employed for 
testing model turbine units and other apparatus. The weir was 


1 Research Engineer, I. P. Morris Division, Baldwin-Southwark 
Corp. Mem. A.S.M.E. Mr. Kerr was graduated from the Uni- 
versity of Pennsylvania in 1921 with the degree of Bachelor of Science 
and in 1924 with degree of Mechanical Engineer. Upon graduation 
he entered the I. P. Morris Division of the William Cramp & Sons 
Ship & Engine Building Co. as research assistant. In 1924 he was 
appointed assistant hydraulic engineer and in 1927 assistant chief 
engineer. Since 1929 he has been research engineer in charge of 
experimental and field tests and development work on hydraulic 
turbines, governors, valves, and other equipment. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting, New York, N. Y., December 4 to 8, 1933, of THE 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until October 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


calibrated by measuring the rate of rise in level in the sump tank 
while maintaining a constant flow over the weir. 

Fig. 1 shows the logarithmic calibration curve of the weir and 
the comparison of the calibration with the Rehbock formula. 
For the lower flows the weir shows slightly higher discharge than 
the formula, but for flows from 7 cfs to 9'/; cfs (the range during 
the tests of the current meters) the weir checks the Rehbock for- 
mula very closely. 

The pitot-tube coefficient was established for each flow con- 
dition, and hence provides accurate means of establishing the 
actual velocity existing in front of the current meter. 


DESCRIPTION OF APPARATUS 


The test flume as shown in Fig. 2 was 11 ft 8'/; in. overall, and 
had a bell mouth at the intake with two sets of racks to straighten 
out the flow. The first set consisted of 25 boards, 7/; in. thick on 
1°/, in. centers, located in a vertical plane. The second set con- 
sisted of 24 steel plates '/1. in. thick on 9/1. in. centers, and were 
placed 6 in. downstream from the vertical racks and extended a 
total of 10 in. downstream. Two removable screens with fine 
mesh were installed about 24 in. further downstream to remove 
from the flow any remaining disturbances. These screens were 
cleaned periodically to make certain that no foreign matter was 
clogging them and changing the flow distribution in the channel. 
At a point 2 ft 7'/, in. downstream from the lower end of the 
horizontal racks was an aperture, in which removable baffle 
plates could be installed. The various baffle plates used in the 
tests are shown in Fig. 2 as arrangements A, B,C,and D. These 
baffles consisted of steel plates arranged with dowels to center 
them, thus placing them in exactly the same position for each 
test. 

The current meters were installed 4 ft 10 in. downstream from 
the baffles and a safety-glass window was located in the top of the 
flume immediately above the propellers of the meters. 

For the first series of tests a system of yarn streamers was in- 
stalled about 12 in. upstream from the meters and located in 
three horizontal planes, at '/,, '/2, and 3/, of the height of the 
channel. This placed the middle group of yarns on the horizontal 
centerline of the meters and the upper and lower groups beyond 
the periphery of the meters. On the first traverses of the pitot 
tube, it was found that these yarn streamers would follow closely 
the true stream lines and conform to the contour of the tube. 
When the accurate pitot-tube determinations were in progress, 
the yarn streamers and wire supports were removed to avoid any 
possible interference with the flow. 

Illumination was provided on both sides of the flume to permit 
a visible study of the flow conditions in the metering section. 

Each pair of meters employed consisted of one right-hand and 
one left-hand meter of the type manufactured by Dr. Ott in Ger- 
many and loaned for this investigation by the Safe Harbor 
Water Power Corporation. Two of the meters were the so-called 
type 1 (spoke type) and the other two were designated as type 
2 (screw type). The meter bodies, as used in service conditions, 
were also employed, supported by a bar made of hardwood of the 
same shape as the supporting bars used in the field. The testing 
flume discharged into the weir channel approximately 2 ft down- 
stream from the centerline of the meters. The flow then passed 
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Fig. 1 LoGariramic CALIBRATION CURVE OF THE CALIBRATED WEIR AND A COMPARISON 


OF THE CALIBRATION 
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through a series of racks and screens and over the calibrated weir. 

The water was discharged into the sump and pumped back into 
the head tank, passing through a controlled orifice into the pool 
in which the current-meter flume was installed. The recircula- 
tion of flow was accomplished by a high-speed propeller-type 
pump and arrangements were made to maintain the speed of 
this pump constant by using a separate rotary-converter unit in 
the plant sub-station, thus giving freedom from voltage fluctua- 
tions. 

Fig. 3 is a view looking downstream through the flume before 
the installation of the racks and screens, showing the location of 
the two meters. 


METER CALIBRATIONS 


Each of the meters employed had been carefully calibrated in 
the tangent still-water rating flume at the Bureau of Standards in 
Washington. These rating curves were used to determine the 
velocity of flow as registered by the meter. Additional calibra- 
tions were made in Washington to give the degree of registration 
of the forward velocity of the meter when the meter itself was 
placed at different angles with the direction of movement of the 
rating car. These were the so-called “angular still-water ratings” 
of the meters, in contrast to the normal straight-line ratings. 
The angular ratings were determined for several forward ve- 
locities and a general average calibration curve was prepared 
which was used to compute the so-called “angular correction” 
for field testing, using the two-type meter method. The meters 
gave differing results, depending upon the quadrant in which the 
angle was measured, that is, whether the flow approached from 


the top or bottom or whether it approached from the right or left. 
As these variations usually were less than 1 per cent, the 
average correction curve should reduce the error to within the 
accuracy of the flow measurements. These details have been 
dealt with at length by J. M. Mousson in his discussion? of 
Hunter Rouse’s 1932 paper. The difference in registration, or 
angular calibration, is sometimes considered as a means of estab- 
lishing the correction for angular flow in the metering section. 


Fig. 3 Downstream View THROUGH THE FLUME BEFORE INSTALLA- 
TION OF Racks AND SCREENS SHOWING LOCATION OF THE TWO 
METERS 


2 Discussion of ‘Research Institute for Hydraulic Engineering and 
Water Power,’’ by Hunter Rouse, Trans. A.S.M.E., 1933, vol. 55, 
paper HYD-55-3, p. 33. 

3 “Research Institute for Hydraulic Engineering and Water 
Power,” by Hunter Rouse, Trans. A.S.M.E., 1932, vol. 54, paper 
HYD-54-3, p. 27. 
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Fig. 2 ARRANGEMENT OF THE CURRENT-METER TESTING FLUME 


DESCRIPTION OF TESTS 


The first series of tests consisted in observing the behavior of 
the current meter with various types of flow in the test flume. 
The flow distribution was not measured but each arrangement of 
baffle, namely, A, B, C, and D, was employed for several different 
velocities. Tests were also made with smooth flow with no 
baffles in place. The meters were interchanged, that is, the 
right-hand meter and left-hand meter were reversed in their 
positions and both types of meters were tested in this manner. 
It was found that the differences in registration between the 
two types of meters, referred to their angular still-water calibra- 
tions, indicated very pronounced angularity of flow which did not 
appear to be present from visual observation. These differences 
in registration are given in Table 1. 

As a result of this preliminary series of tests it was apparent 
that further research was necessary to establish the flow dis- 
tribution in the flume and particularly to determine the average 
velocity immediately in front of the meter so that this value 
could be checked against the current-meter registration and the 
degree of over or under registration thus determined. 


a ‘0.0. Copper Tubing 


Fig. 4 Dera or THE Pitot-TuBE CONSTRUCTION 
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TABLE 1 aoc DIFFERENCES BETWEEN THE TWO 


PES OF METERS 
Diff. type 1 Percentage 
type 2 meter ype 1 meter angularity, 
Type of flow over type 1,% (added), % degrees 

1 Smooth flow preliminary tests 3.14 0.99 11.7 
2 Smooth flow final tests...... 3.66 1.13 12.5 
3 Five 3-in. baffles half depth. . 3.42 1.08 11.8 
4 One 9-in. baffle half depth. . 5.18 1.59 14.8 
5 Five 3-in. baffles full depth... 8.56 2.60 18.8 
6 One 9-in. baffle full depth... 17.02 5.07 25.3 


Prrot-TuBE TRAVERSE 


A pitot tube conforming to the type commonly used in pen- 
stock work was installed in the section immediately upstream 
from the meters. This pitot tube had a single dynamic-pressure 
hole. The static pressure was taken at four points, each of 
which was connected to an individual gage glass. Three of these 
static-pressure holes were in the bottom of the flume, one located 
on the centerline of the flume and the other two on the centerlines 
of the current meters. The fourth static-pressure hole was lo- 
cated on the left-hand wall of the flume looking downstream to 
check any possible difference due to side velocities or eddy cur- 
rents. 

The tests under this series were really in two parts. The first 
series was made to establish the average velocity of flow im- 
pinging on the current meters while the second group was made 
to establish the average pitot-tube coefficient under actual flow 
conditions existing. 

DescriPTION OF Pitot-TuBE APPARATUS AND Test METHODS 


Fig. 4 shows the pitot-tube construction. Fig. 5 is an eleva- 
tion of the flume with the location of each individual pitot- 
tube traverse point designated and with the positions of the me- 
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ters shown. Fig. 6 illustrates the method of determining the 
average velocity in front of the meter by plotting five horizontal 
traverse curves, each having five individual pitot-tube determina- 
tions of velocity. With this grid of points established, the area 
in front of the current meter was divided into five annular rings of 
equal area in a manner similar to the method employed in mea- 
suring the velocity in closed conduits. The velocity curves were 
then plotted on the eight radial planes and the velocities deter- 
mined at the center of each annular ring. This established eight 
velocity points for each of the five annular rings, or a total of 40 
velocity points, the average of which was used as the mean ve- 
locity in front of the meter. 

Additional tests were made for certain of the runs to establish 
the velocities adjacent to the walls in order to avoid any uncer- 
tainty in regard to the velocity distribution existing between the 
last pitot-tube point and the wall of the flume. These studies 
were made very carefully at points taken '/s in. from the wall and 
four other points at intervals of '/, in. apart until the zone about 
1 in. from the wall was thoroughly explored. 

During the first runs several very interesting facts were brought 
to light. It was found that pitot-tube traverses could be checked 
very well even in turbulent flows, providing there had been no 
interruption in the flow. The usual shutdown at noon-time was 
eliminated, tests being carried straight through without inter- 
ruption until the entire set of traverse points had been measured, 
even though it was necessary at times to continue testing until 
evening. 

It appeared that the general condition of flow could be dupli- 
cated, but the exact distribution varied enough to make it neces- 
sary to avoid interruptions when determining the pitot-tube co- 
efficients. 


Pitot-TuBE TRAVERSE 


In order to give a clear picture of the velocity distribution un- 
der the three types of flow, isometric drawings have been pre- 
pared showing the velocity points. Fig. 7 shows the conditions 
of test 410-2 for smooth flow at the mean velocity of 2.6 fps. 
Fig. 8 shows a similar arrangement for the five 3-in. baffles at 
one-half depth, corresponding to baffle arrangement B, Fig. 2. 
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Fig. 6 TRAvERSES USED AND LocaTION oF Pitot TuBE IN EQuaL- 
AreEA Rines aT VELOCITIES WERE DETERMINED 


(Diagram of 43/4 in. diam. circular area in front of meter. Heavy dots 

show points in five rings of equal area at which velocities by pitot tube 

were determined. Average of these forty velocities was as mean ve- 
locity in front of meter.) 


Fig. 9 shows the arrangement for test 410-3, which had five 
3-in. baffles placed full depth in the flume, as indicated in baffle 
arrangement A, Fig. 2. It will be noted from these drawings that 
the velocity plane in front of the meter was a very irregular 
warped surface, which results in an unequal distribution of ve- 
locity across the plane of the current meter. This is particularly 
true when turbulence is present or when distortion of flow is en- 
countered with the baffles at one-half depth, as shown in Fig. 8. 

The wall velocities were investigated for the last 1 in. from the 
wall by pitot-tube readings taken very close together, the closest 
reading being taken '/s in. from the wall. Fig. 10 shows these 
curves plotted to a large scale for the average flume velocity of 
2.2 fps with the five 3-in. baffles at one-half depth (baffle ar- 
rangement B, Fig. 2). It will be noted that the velocities adja- 

cent to the right-hand and left- 
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hand walls of the flume were 


very similar in shape. These 
curves also agree very closely 
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with the formula developed for 
wall velocities by von Karman 
and Prandtl: 
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by the curves in dashed lines 
shown in Fig. 10, derived from 
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In some of the tests at the 
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Fie. 5 SEcTion oF THE LOoKING DownsTREAM SHOWING CROSS-SECTIONAL DIMENSIONS 
AND LocaTIon oF Pitot-TuBE OBSERVATION PoINTSs 
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the left-hand wall were difficult 
to determine because of the 
tendency of the pitot tube to 
oscillate. In such cases, the 
wall velocities for the last */, in. 
from the wall were determined 
by the von Karman and Prandtl 
formula. 
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Fic. 7 Vetociry DistrisuTIoN IN THE WitTH No BaFFLes 
FoR SMoota FLow at 2.6 Fps—Conpi!Tions For Test 410-2 


Fie. 9 Vevociry DistraisuTion Wits Five 3-In. aT 
anp Mean Ve ocity or 2.6 Fes—ConpitTions ror 
410-3 


REsULTS 


Table 2 gives a comparison of two independent calculations of 
the pitot-tube coefficient in tests 410-2 to 410-7, inclusive, for 
the various flow conditions outlined. The formula used was V = 
C-+/(2gh), the values of the coefficient C being given in Table 2. 

In Table 2 it will be noted that the pitot-tube coefficient varies 
with different flow conditions and with velocities. In order to 
relate this to previous experience, data as shown in Fig. 11 is in- 
cluded in this paper. Early tests in a closed pipe, made by F. H. 
Rogers at the University of Pennsylvania in 1909, show a marked 
variation of pitot-tube coefficient increasing from 0.969 at a ve- 
locity of 2 fps up to 1.00 at a velocity of 15 fps. In the range in 
which we are most interested, namely, 2 to 6 fps, an average co- 
efficient of 0.976 appears to be reasonable for smooth flow free 
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TABLE 2 COMPARISON OF PITOT-TUBE COEFFICIENTS FOR 
VARIOUS FLOW CONDITIONS 


Test Laboratory Independent 
no. calculations calculations Flow conditions 

410-2 0.969 0.965 Smooth flow, mean flume velocity 2.6 
fps. For "sides, formula [1] was 
used since it eo closely to 
exp. results on 410-7. For bottom 
and top, avg of 410-7, right side, 
was u 

410-3 0.953 0.948 Five 3-in. baffles at hy depth. Mean 
flume velocity 2 ~"y 

410-4 0.939 0.939 Five 3-in. baffles at oll depth. Mean 
flume velocity 2.2 fps 

410-5 0.957 0.962 Five 3-in. baffies at half depth. Mean 
flume velocity 2.6 fps 

410-6 0.934 0.938 Five 3-in. baffles at half depth. Mean 
flume velocity 2.2 fps. Curves at 
side observed. Top and bottom 
taken as avg of right side 

410-7 0.976 0.975 Smooth flow, mean flume vel. 3 fps. 


Curves at sides observed. Top and 


bottom taken as avg of right side 


from turbulence. This coefficient also corresponds to the value 
designated in the Machinery Builders Test Code for pitot tubes 
in closed conduits. Additional values were secured from tests 
made for the S. Morgan Smith Company at Worcester Poly- 
technic Institute by Prof. C. M. Allen, in which the coefficient 
varied from 0.96 to 0.98, but averaged very close to 0.976. 

When plotting the results of the tests for the 410 series, it was 
found that the smooth-flow coefficients averaged very closely to 
the mean curve of the University of Pennsylvania tests, shown as 
the I. P. Morris curve in Fig. 11. When turbulence was intro- 
duced, however, it was found that the difference between the de- 
terminations was much greater and that no single curve could be 
drawn through the points. By reference to the previous tests, a 
band of coefficients was established by drawing lines through the 
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which is included for reference. The data in this table have been 
plotted in Fig. 12. 

The ratio of velocity by pitot tube to velocity by meter, taken 
from the last column of Table 3, are plotted as ordinates, while 
the velocities of the current meter established from the still- 
water calibrations made at the Bureau of Standards in Washing- 
ton are plotted as abscissas. This curve, therefore, shows the 
meter coefficient for different velocities and for both smooth and 
turbulent flows. 

It will be noted that a band about 1 per cent wide, slightly on 
the side toward over-registration, results when smooth flow exists 
in the channel. When turbulent flow exists, the meters have a 
definite tendency to over-register and also the band of points is 
nearly twice as wide as that for smooth flow. It is interesting to 
note that in no case with turbulent flow did the meter under- 
register, as compared with the absolute-velocity determination by 
pitot tube. 


CONCLUSIONS 


From the study of these tests certain conclusions can be drawn 
which should be carefully considered in making determinations of 
discharge under field conditions. The so-called ideal conditions 
for current-meter measurement could be outlined somewhat as 
follows: 


1 The measuring section should be rectangular in form and a 
sufficient distance downstream from any change in direction or 
change in area to insure smooth flow lines, with a velocity in ex- 
cess of 1 fps and not over 8 fps. 

2 The section should be free from turbulence caused by racks, 

supports, piers, or changes in 


1.01 


section which would cause ob- 


lique flow or turbulence. 


Where such conditions exist, 


it is reasonable to expect that 


the discharge determination 
would be accurate to within 1 
per cent of the true discharge, 
using the still-water rating of 
the current meter as a basis. 
With the type 1 meter in 
turbulent-flowing water, simi- 
lar to that which existed in the 
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Fig. 11 Varrations oF Pitot-Tuse WITH MEAN FLUME VELOCITIES 


maximum and minimum values, similar in shape to the mean 
curve for smooth flow, and denoting the zone between these two 
curves as the probable range of coefficients under turbulent 
flow. 


Comparisons WiTH CuRRENT-METER REGISTRATIONS 


From the velocities measured by the pitot tube, using the 
correct coefficient as determined for the particular flow condition 
and velocity, it was possible to determine the mean velocity in 
front of the meter and compare this with the registration of the 
meter obtained periodically during the pitot-tube traverse. A 
reading of the meter was taken after each individual traverse, 
after the pitot tube had been withdrawn from the flume. Eight 
or nine meter readings were taken for each complete traverse, 
these meter readings checking within a small fraction of 1 per 
cent. 

Table 3 gives the results of this determination for both right- 
hand and left-hand meters. The type 1 meter alone was used for 
tests 409 and 410, but three runs were made with type 2 meter, 


test flume, there seems to be a 
distinct tendency toward over- 
registration, as compared with 
either the still-water rating or 
with the actual registration of the meter in smooth-flowing water. 
The results of this investigation, shown in Fig. 12, indicate that 
turbulence may cause the meters to register from 2 to 5 per cent 
excess discharge. 

An objection might be raised that, because of the relatively 
small size of the flume, the reduction in area caused by the current 
meters would result in a higher velocity at the section containing 
the meters than at the section of the pitot-tube traverses. A 
correction was made, computed from the area of the current-me- 
ter vanes and hubs, by adding 0.66 per cent to the velocities de- 
termined by the pitot tubes. Assuming, however, that this cor- 
rection is in error, and that for smooth flow the coefficient of the 
meter should be unity, it is evident that for turbulent flow the 
meter would still over-register by approximately 21/2 per cent. 
This method of comparison is equivalent to using a rating of the 
current meters derived from their actual behavior in place in the 
flume under smooth-flow conditions, instead of their still-water 
ratings. That is, if the smooth-flow ratings, based on actual 
measurements of the discharge by calibrated weir, are applied to 
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TABLE 3 COMPARISONS BETWEEN CURRENT-METER AND PITOT-TUBE REGISTRATIONS, TESTS 409 AND 410 
-——Left—Meter No. 5764-1-L——— -—Right—Meter No. 5759-1-R—— 


Pitot Ratio Ratio 
coeff. Avg Avg pitot Avg Avg pitot 
Mean from pitot pitot Avg vel. to pitot pitot Avg vel. to 
Run flume test vel. vel. meter meter vel. vel. meter meter 
No. vel Flow condition 410 observed + 0.66% vel. vel. observed + 0.66% vel. vel. 
409-1 3.080 NBT POO Che Lee 0.976 3.151 3.172 3.182 0.9969 2.962 2.982 3.042 0.9803 
-2 2.590 Per eer ee 0.969 2.694 2.712 2.718 0.9978 2.498 2.514 2.557 0.9832 
-3 2.578 5 3-in. baffles at full depth 0.953 2.782 2.800 2.817 0.9940 2.367 2.886 2.882 1.0014 
~4 2.200 5 3-in. baffles at full depth 0.939 2.027 2.040 2.140 0.9534 2.438 2.454 2.530 0.9699 
-5 2.600 5 3-in. baffles at 1/2 depth.... 0.957 3.084 3.104 3.173 0.9783 3.090 3.110 3.178 0.9786 
-6 2.200 5 3-in. baffles at !/2 depth. . 0.934 2.493 2.509 2.571 0.9759 2.467 2.483 2.540 0.9776 
410-1 3.000 re eer 0.976 3.130 3.151 3.145 1.0019 2.931 2.950 3.012 0.9794 
-2 2.600 0.969 2.767 2.785 2.807 0.9922 2.531 2.548 2.589 0.9842 
-3 2.600 5 3-in. baffles at full depth....... 0.953 2.569 2.586 2.693 0.9603 2.665 2.683 2.767 0.9697 
-4 2.200 5 3-in. baffles at full depth....... 0.939 2.100 2.114 2.196 0.9626 2.291 2.306 2.415 0.9549 
-5 2.600 5 3-in. baffles at ‘1/2 depth...... 0.957 3.152 3.173 3.282 0.9668 3.054 3.074 3.175 0.9682 
-6 2.200 5 3-in. baffles at '/2 depth..... 0.934 2.633 2 2.530 2.547 2.655 0.9594 
3.000 0.976 3.176 3.197 184 1.0041 2.941 2.960 2.980 0.9933 
409-7 3.000 NN a ita wae 0.976 2.821 2.840 2.813 1.0096 2.726 2.744 2.751 0.9975 
-8 2.600 5 3-in. baffles at full depth. 0.953 2.809 2.827 2.596 1.0890 2.960 2.960 2.714 1.0980 
-9 2.600 5 3-in. baffies at '/2 depth. . 0.957 3.126 3.147 3.162 0.9953 3.140 3.161 3.193 0.9900 


Average ratio for smooth flow = 0.991. 
Average ratio for all baffles = 0.970. 
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the turbulent-flow measurements, the results will exceed the ob- 
served flow by approximately 2!/2 per cent. 

Where angular flow occurs, in combination with turbulence, 
the accuracy of water measurements by current meters is still in 
doubt as no tests are available to indicate that correct results can 
be secured under such conditions. 

In conclusion, it should be stated that the tests made in the 
I. P. Morris Laboratory at Eddystone, Pa., were undertaken in 


an attempt to clear up some of the elements of doubt which 
have existed in regard to current-meter measurements, and 
to explain the discrepancies which have resulted when current- 
meter measurements are made under conditions which are not 
ideal. It is felt that further research and studies are necessary, 
and these should include the determination of the true-velocity 
plane in front of the current meter under varying conditions of 
flow. Such determinations would clear up some of the unex- 
plained differences between the results secured at Eddystone and 
those secured in other flumes and in open channels. Another 
feature which should be established is the behavior of current me- 
ters with both turbulent and oblique flow present simultaneously 
in the metering section. From such determinations it might be 
possible to fix more definitely the limiting conditions under which 
current meters should be employed for precise flow measure- 
ments. 


PERSONNEL 


These tests were conducted at the Baldwin-Southwark Cor- 
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Water Gaging for Low-Head Units 
of High Capacity 


By J. M. MOUSSON,! BALTIMORE, MD. 


In the field of hydroelectric construction there has been 
in recent years considerable advance in the development of 
low-head units of high specific speed. This tendency in 
design has been conducive to the development of low-head 
sites which were at one time considered uneconomical. 
It became, therefore, increasingly important to find 
methods of measuring the discharge of low-head plants 
where the water quantities are large and the water pass- 
ages particularly short and unsuited to other methods of 
testing. American engineers had developed methods of 
measurement of flow in long penstocks and then at- 
tempted to extend these methods to plants with shorter 
water passages. European engineers have shown a prefer- 
ence for current meters, at one time commonly used on 
both sides of the Atlantic for measurements in large in- 
takes. 

The paper discusses the status of the current-meter 
method in Europe at the time this method was selected 
for the tests at Safe Harbor and the application of the 
two-type meter method. It shows how this method was 
applied at the outset and how certain modifications were 
made for increasing the reliability and decreasing the 
time and effort required for making tests. These made 
possible new methods of compilation which have been de- 


INTRODUCTION 


N COMPLETION of the first four main units of the initial 
installation at Safe Harbor, it was essential that careful 
measurements be made of the water used for the purpose of 
accurate accounting, for determining the characteristics of the 
units preparatory to laying out loading schedules, and for many 
economic studies required in connection with operation. Inas- 
much as the water passing through the wheels constitutes a rela- 
tively large proportion of the total river flow, accurate measure- 
ment is particularly desirable for the purpose of providing a re- 
liable flow record and for dispatching water to the plants below. 
The four main turbines are of the Kaplan type whereas the two 
service units have Francis runners. The Kaplan turbines have a 
capacity of 42,500 hp at a rated head of 55 ft, a speed of 109.1 
rpm, and a maximum discharge of approximately 9000 cfs. A 
typical cross-section through the power house on the center 
line of a main unit is shown in Fig. 1. The water enters through 
three intake bays. Twelve such units are provided for in the 


1 Safe Harbor Water Power Corporation, Baltimore, Md. Mr. 
Mousson was graduated in 1926 from the Swiss Federal Institute of 
Technology, Zurich. He was designing engineer with the Pennsyl- 
vania Water & Power Co., and the Electric Bond and Share Co. 
from 1928 to 1929. Since that time, he has served on the engineering 
staff of the Safe Harbor Water Power Corporation as designing 
engineer, sponsor, and hydraulic engineer. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., December 4 to 8, 1933, of THE 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1935, for publication at a later date. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


303 


veloped to facilitate greatly this phase of the testing 
program. The successful application of these methods 
should make current-meter measurements more feasible 
than ever before. 

In preparation for these tests, investigations were con- 
ducted at the Bureau of Standards and elsewhere to deter- 
mine the characteristics and limitations of the meters 
under various conditions of uniform, oblique, pulsating, 
and turbulent flow. 

It has been shown that water passages with parallel 
sides for metering and approach sections do not insure 
parallel flow, and that even under as nearly ideal condi- 
tions as it is practical to secure, the use of two types of 
meters will indicate an effective angularity. However, it 
is believed that accurate measurements of oblique flow 
can be made by the use of two types of meters, each 
affected to a different extent by angularity. The use of 
this method will greatly enlarge the field of current-meter 
testing. 

There are pointed out the advantages of making index 
tests in conjunction with current-meter measurements; 
not only to extend them to a wide range of operating condi- 
tions, but also as a measure of the consistency of the dis- 
charge measurements. 
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Fie.1 Typrcat Cross-Section THROUGH THE SAFE HARBOR Power 
House 


plans for the ultimate development. The two service units are 
rated at 3100 hp and 180 rpm under a head of 55 ft. 

The testing program provided for discharge measurements on 
two of the main units and one service unit. These tests were 
carried out during the summer and fall of 1932 and 1933. 


SELECTION oF METHOD 


Before selecting the method to be used, a careful study was 
made of the history and development of many methods of water 
measurement. The weir, traveling screen, and salt-titration 
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methods could be eliminated as impractical on account of the 
tremendous quantities of water to be gaged and the impossibility 
of erecting the necessary structures at reasonable cost. 

In general, the field of turbine testing in America, for the last 
decade at least, had been dominated by the Gibson and the Allen 
methods. The increasing success that these experimenters had, 
even outside of the field of long pipe lines, where their methods 
were eminently suited, had brought them more nearly into the 
domain of the methods used where the water passages are particu- 
larly short, as in low-head plants. 


SS 


SS 


Fie. 2. Current-MeTEeR FRAMES AND Hoist Usep at Rysura- 
ScHWOERSTADT 


Although current meters have been used in America, the results 
were on the whole rather unsatisfactory, principally because too 
extensive measurements were attempted with too few meters, in- 
adequate supporting frames, and often improper location of the 
measuring section, particularly if in the tailbay. 

During the years prior to 1931, marked improvements had been 
made in the art of current-meter measurements which were not 
generally appreciated in America because of the limited applica- 
tion that had been made in this country. These improvements 
were not confined to the meters alone, but applied also to the 
apparatus, set-ups, and procedures. The simultaneous use of a 
large number of meters had led to the adoption of movable sup- 
porting frames. Graphic recorders had found successful applica- 
tion for making a permanent record, avoiding thereby the need 
of a large corps of observers. 

Large propeller units were more highly developed at an earlier 
date in Europe than in America, and stimulated a keener demand 
for a method that would successfully measure unusually large 
quantities of water. The layout of these plants precluded the 
use of a weir and the shortness of the water passages in proportion 
to the width put them in a range to which the American methods 
had not been extended at that time. 

Inasmuch as Safe Harbor resembles similar European plants 
in this respect, it is only natural that careful consideration should 
be given to the methods that were used abroad. The engineers 
connected with the Safe Harbor tests fully appreciated the 
possibility that the Gibson and Allen methods might eventually 
be applied to similar layouts, but in view of uncertainty in this 
respect, it was decided to use that method for which the greatest 
amount of accumulated experience was then available. 


CurRENT-METER PRACTICE IN EvROPE 


It is well to consider the stage of development that the current- 
meter method had reached at the time the Safe Harbor tests 
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were contemplated. This may best be done by describing briefly 
the test equipment and procedures used in 1931 at Ryburg- 
Schwoerstadt, on the Rhine between Germany and Switzerland. 

These tests were confined to one of the four Kaplan turbines. 
Each of these turbines discharges a maximum of about 11,650 
efs under a head of 35.2 ft. Three current-meter frames, one for 
each intake bay, were provided. Each of these frames supported 
ten current meters. They were raised and lowered by three hand 
winches, one for each frame, supported by a temporary wooden 
structure as in Fig. 2. The position of the frames was indi- 
cated by an arrow mounted on the intake deck and by markings 
on the hoisting ropes. 

The current meters were right hand, Ott V Texas type equip- 
ped with spoke-vane propellers. False steel roofs extending from 
the racks to the upstream edge of the stop-log slots were in- 
stalled in the intakes to straighten the flow approaching the 
measuring section, Fig. 3. The roofs were sloped, however, 
approximately 10 deg toward the downstream side, and the plane 
of measurement was assumed to be flush with the downstream 
edge of the temporary structure. The area of the water passage 
at the plane of measurement in each intake bay was rectangular 
in shape, 23.0 ft wide and 29.1 ft high. 


Fic. 3 Cross-Section THroven Intake WitH Fatse Roor, 
RyYBURG-SCHWOERSTADT 


During each test the frames were brought to 12 different ele- 
vations, and held for about 1 min. The spacing of the meters 
as well as the various frame positions were chosen so that the 
areas represented by each point of measurement would be small 
near the side walls, intake bottom, and intake roof, but pro- 
gressively greater toward the center. During each test re- 
quiring between 22 and 24 min, 360 measurements were taken. 

One graphic recorder was provided for each intake opening. 
The circuits for the commutators of the current meter were con- 
nected individually to ten pens, while one pen on each recorder 
registered the time in seconds. 
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A total of 24 tests were made under almost identical head 
conditions. The measurements were divided into groups of four 
or five runs, each group covering the range of peak efficiency for 
a given fixed runner-blade setting and variable gate opening. 


SELECTION OF APPARATUS AND DEsIGN OF EQUIPMENT 


(a) Current Meters. An extensive study was made of all 
data then available regarding ine various current-meter de- 
signs and their respective behavior in still as well as in flowing 
water. Considering the fact that current meters had not been 
extensively used for discharge measurements on turbines in 
America the wealth of data was surprising. These data con- 
cerned practically all known current meters of American and 
Puropean design of both the cup and propeller type such as the 
Price, Gurley, Hoff, Haskell, Pegram, Fteley, Ott, Stoppani, and 
Amsler. 

At the outset it was realized that the principal difficulty to be 
feared was the effect of the bell-mouth. With intakes as shown 
in Fig. 1, it would be necessary either to correct for the conver- 
gence of the stream lines approaching the gate slots where 
measurement would be made, or else to erect some means of 
securing parallel flow by a false roof. 

The A.S.M.E. Test Code, now in course of revision,” specifies 
on page 18, paragraph 101: ‘Meters of two types shall be 
used having opposite characteristics in running water; that is, 
one type of meter retarded by oblique flow and the other type 
accelerated by oblique flow.” 

The first consideration, therefore, was to choose from the 
available types two suitable meters, i.e., a type which would 
over-register slightly in oblique flow, and a second which would 
under-register approximately by the same amount, so that the 
true discharge would be derived by averaging the readings of 
the two. 

As a result of our study, no suitable meter could be found which 
would consistently over-register for a given angle of obliquity 
whatever the plane of approach. The cup meters which have the 
tendency to over-register, could not satisfy the requirements as 
these meters very obviously are affected differently depending 
upon the plane of approach.? Some tests were actually made 
using cup-type meters simultaneously with propeller-type meters, 
but it is obvious that because the over-registration of cup meters 
is dependent upon the plane, this cannot be a reliable means of 
doing more than indicating that oblique flow exists in the section. 

In view of this fact it was proposed to substitute in place of 
the meters called for in the Power Test Code, two types of meters, 
both of which under-register but to different extents. 

The object was then to provide first a meter termed type 1, 
which should register in oblique flow, as nearly as possible the 
actual flow times the cosine of the angle of inclination, i.e., the 
component in the direction of the axis of the meter; and another 
meter called type 2 which should differ as much as possible from 
the characteristics of type 1, but still have a stable and well- 
defined relation between the amount of registration and the 
angle of inclination to the flow. It is the sole purpose of this 
type-2 meter to measure the amount by which the type-1 meter is 
affected by angularity. 

The meter which at that time best satisfied the requirements 
for the type 1 was the Ott V Texas type with three square vanes 
mounted on radial spokes. These meters had a nominal pitch of 
25 cm, Fig. 4. An example of the painstaking care and fore- 
thought on the part of the manufacturer is his provision of 


2 Power Test Code, Subcommittee No. 18, Ely C. Hutchinson, 
chairman. 

3L. A. Ott’s discussion of ‘‘Research Institute for Hydraulic 
Engineering and Water Power,’ by Hunter Rouse, Trans. A.S.M.E., 
1933, vol. 55, no. 10, p. 41, paper HY D-55-3. 
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plaster molds for the propellers so that whenever desired a check 
could be made of the propeller shape to see that it had not become 
damaged or altered, even in the slightest degree. 

The decision reached for the first type of meter naturally in- 
fluenced the selection of the second and the advantage of having 
clamps, bodies, axles, ball bearings, and all spare parts inter- 
changeable made the decision obvious. 

In spite of all the information which the manufacturer had, it 
was deemed necessary that some experimental work should be 
done before being satisfied that the meters he had to offer were 
the most suitable. The fact that there is a rating station at the 
factory greatly simplified the situation, as valuable time could 
thus be saved. Based on the results of his test, the preliminary 
decision to use the type-1 meter was adhered to, while the Ott 
V Texas meter, equipped with a propeller of conical screw shape 
and 50-cm pitch, was selected for the type 2, Fig. 5. 


Fic. 5 Typs-2 Propetter Puiaster Mo.up 


In European practice it is customary to observe an established 
relation, which is that the number of stations should be between 
4.3 and 7.6 times the square root of the area of the section in 
square feet. After carefully considering various possible ways of 
dividing the intakes, it was decided to use nine meters of each 
type in each intake, thus requiring, with one spare of each kind, 
56 meters. Each propeller was furnished with its plaster mold. 

It had been decided that, in order to avoid error arising from 
the effect of eddies with axis parallel to that of the meter, it would 
be necessary to use right-hand and left-hand meters alternately 
placed, a principle rigidly adhered to throughout the tests. 

(b) Supporting Frames for Current Meters. The three frames 
supporting the meters were built to travel in both head-gate and 
emergency-gate slots. The frames consist of two structural- 
steel ends, to which two horizontal cross-members are bolted. 
These horizontal cross-members consist of chrome molybdenum, 
streamline, seamless steel tubing 2 xX 4.75 in., heat-treated 
to give high tensile strength, Fig. 6. The special material 
made it unnecessary to have diagonal bracing, which would 
have set up possible undesirable disturbances. The end girders 
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Fig. 6 Current-Meter Support Frame, TypE-1 anp 
Meters Mountep SIMULTANEOUSLY 
(Note horizontal row of pitot tubes.) 


Fic. 7 Current-Merer Frame Hoist. Meters 
MovuntTep Near Bottom oF VERTICAL FRAME Rops 


are equipped with rollers. Those on the downstream side are 
mounted rigidly, while those on the upstream side and adjacent 
to the piers are mounted on arms so that they can be forced out- 
ward by springs to eliminate vibration and to hold the frames 
firmly in position in spite of any variation in the width of the 
slots. The structural-steel ends are closed off on the water- 
passage side by means of a steel plate to eliminate disturbances 
along the piers. Special gages were constructed for inspection 
at the factory and during field assembly to check the alignment 
of the meter supporting rods. 

(c) Current-Meter Hoist and Hoist Supports. In order to sim- 
plify lowering and raising the frames, as well as to reduce the 
personnel during the tests, a fully automatic hoist was specially 
designed. The somewhat high initial cost of this was well 
justified, as it was foreseen that it would allow a great reduction 
in testing time required as well as in office work. Furthermore, 
as the ultimate development is intended to comprise 12 units, 
the testing equipment could be regarded as permanent investment 
to take care of all future requirements. 

The hoist consists of a double-drum, worm-geared, electric 
motor-driven unit designed to lower and raise the three current- 
meter frames simultaneously. 

The hoist is capable of raising or lowering the frames at speeds 
of 2, 3, 4, and 6 fpm, Fig. 7. A mechanically driven eleva- 
tion indicator geared to the pinion driving the drums is provided 
to show the position of the meter frames. This elevation indica- 
tor enables the operator of the hoist to bring the frames to any 
desired position to the nearest one-hundredth of a foot. The 
indicator is also equipped with a contact electrically connected 


.to pens of the graphic recorders to indicate every tenth of a foot 


of travel. This arrangement permits the determination of the 


speed at which the meter frames are raised or lowered by com- 
parison with the time impulses recorded simultaneously, and 
provides a permanent record of the true position of the current 


meters at any time during the tests. 

(d) Graphic Recorders and Circuits. The graphic recorders 
must have a sufficient number of pens to register simultaneous 
impulses from 54 current meters as well as from the elevation 
indicator and a timing device. Motor-driven Esterline-Angus 
production recorders with multipliers and quick-trip attachment 
solved this problem satisfactorily. High chart speed is essential 
to prevent confusion of the current-meter record at high ve- 
locities. 

A typical record is shown in Fig. 8. The sequence of the long 
and short contacts for each cycle of ten revolutions of the pro- 
peller enables the observer to determine the direction of flow. 
The short break in the long contact is useful in interpreting the 
record for very low velocities. As no commercial instrument 
could be found with 56 pens, it was necessary to get two re- 
corders, Fig. 9, one accommodating two charts and the other 
a single chart. Both recorders have 20 pens for each chart, 
which were assigned one to each intake bay. Of the 20 pens 
provided per chart, 18 could be used to register the meter con- 
tacts, while the two end pens were connected to the contact- 
making devices for timing and indicating the elevation of the 
meter frames, Fig. 10. 
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The graphic recorders were installed in a housing placed on a 
standard-gage railroad flat car. This provision was made so that 
any section of the intake deck could be cleared at short notice for 
operating purposes. 

A condenser and resistor bank containing 60 units is used in 
the current-meter circuits to prevent sparking of the contacts. 
Each unit consists of a 0.24-uf condenser and a 10-ohm re- 
sistor. A four-cell, Philco, type P.M.T., 13-plate battery, 
supplies current for the meter circuits at 4 volts. 

To insure proper coordination of the test personnel, a signal 
system of electric bells was installed. 

(e) Timing Device. As it was necessary to provide a source 
of time impulses, serious consideration was given to various 
spring-wound portable timers. It developed, however, that these 
types of apparatus would introduce an uncertainty in time of 
about 0.2 per cent. Considering that this error would impair the 
accuracy of the tests, advantage was taken of a practically abso- 
lute source of time. 

In the control room of the power plant there is installed per- 
manently a Warren pendulum clock for frequency regulation. 
A photoelectric cell and an automobile spotlight focused on this 
cell were placed in such positions that the pendulum cut the beam 
of light at every swing, Fig. 11. This arrangement gave a pre- 
cision far in excess of requirements, as the pendulum can be 
regulated to accumulate an error of less than one second a day. 
The wiring diagram for the timing device is shown in Fig. 10. 

“(f) Pitot Tubes. It is well known that the velocities may vary 
considerably in the vicinity of the boundaries of the measuring 
section. Special provisions were made to determine them by 
pitot tubes, thus avoiding the small error which would result from 
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Fie. 9 GrapHic RECORDERS 


extending the velocity curves beyond the last meter position. 

A row of four pitot tubes was installed near each end of the 
current-meter frame. The tubes were mounted on short lengths 
of streamline tubing half way between the cross-members of the 
frames as shown in Fig.6. The pitot tubes of one row are spaced 
so that two are between the intake wall and the first current meter, 
while two others are between the first and second current meters. 
The pitot tubes as arranged permit measurements of relative 
values of velocity which may be coordinated with the current- 
meter measurements. Reinforced rubber hose connected the 
tubes with a gage board located in the trash sluice, see Fig. 12. 
This gage board consists of three groups of eight glass tubes each, 
one group for each intake bay. A glass tube on either side of the 
three groups is used for static-head readings. 
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Pitot tubes were also used at one time to explore the velocity 
in the vicinity of the intake bottoms. A streamline rod was 
clamped in a vertical position to the horizontal cross-members 
of the current-meter frames. This vertical rod was made of the 

same tubing as the horizontal 
frame members, see Fig. 13. 
Four of the pitot tubes pre- 
viously described were mounted 
on the lower end of the rod. 
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The spacing provided two pitot tubes between the first current- 
meter position and the bottom, and two between the first and sec- 
ond current-meter positions. 

(g) False Work. In most European tests the effectiveness of 
false work to straighten out the flow approaching the plane of 
measurement has been taken for granted. There have been 
cases where temporary installations within the intakes proper 
were thought inadequate, and elaborate structures were made in 
the forebay, such as pier extensions or temporary elongations of 
the intakes. On still another occasion the plane of measurement 
was located upstream in the head-water canal where an approach 
of this type was available, making it necessary to have costly and 
elaborate bridges providing working platforms and supports for 
the apparatus. 

Installations of a temporary nature naturally have their ad- 
vantages and disadvantages. For example, head-water canals 
are often not rectangular in shape, thereby complicating test 
equipment, measuring procedures, and compilation of test data. 
Not only are elaborate temporary installations undesirable be- 
cause of their cost, but also because, with most of these installa- 
tions, the turbine discharges are not measured under operating 
conditions. In the final analysis, discharges are not determined 
exclusively for the sake of the problems concerning the turbines, 
but on the contrary, even more for the performance of the entire 
installation, that is, individual units as a whole under operating 
conditions. 
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Keeping in mind the characteristics of the current meters 
selected for Safe Harbor and the physical outlines of the intakes, 
it was thought possible to omit temporary installations of any 
kind, for it was believed that an evaluation of the obliquity of 
flow could be made. 

It was thought desirable, however, to install for the first test 
a false roof in the intake of one of the units shown in Fig. 12. 
The advantage to be derived from such a plan was the possibility of 
tying in the two-type current-meter method with the conventional 
one-type method. 

The false roof installed under the bell-mouth of each intake bay 
of one unit was made of wood. This roof was placed in a level 
position as it was believed that by so doing the flow would be 
straightened out more satisfactorily. The temporary structure 
was drawn tight against the concrete by means of steel cables 
extending down the emergency-gate slots and the trash-rack 
openings. It was also fastened to wooden fillers placed within 
the emergency-gate slots to prevent undesirable disturbances 
from being carried downstream to the plane of measurement. 
To improve further the flow conditions, a temporary wooden bell 
mouth covered with sheet metal was attached to the trash racks. 
This in turn had an extension reaching upstream to be flush with 
the intake piers, since hydraulic model tests in connection with 
the spillway design for Safe Harbor had shown that the most 
favorable conditions of discharge could be obtained by keeping 
the piers and the spillway nose flush with each other. 
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CALIBRATION OF CURRENT METERS AND SPECIAL INVESTIGATIONS 


(a) Calibration at the Bureau of Standards. As a first step it 
was necessary to determine the usual still-water calibration at 
various constant speeds. A minimum of 18 runs for each rating 
was made to cover adequately the velocity range from 0.5 to 7.5 
fps. 

Instead of rating tables, or the usual calibration curves, giving 
revolutions per second vs. velocity in feet per second as in Fig. 
14, curves were plotted to give pitch in feet per revolution 
vs. revolutions per second as in Fig. 15. The advantage 
of such a curve is that it may be read with greater precision. 
By this means the effect of personal equation in reading the curve 
is practically eliminated. 

A number of the meters used at Safe Harbor were calibrated 
by the manufacturer before shipment and recalibrated on ar- 
rival at the Bureau of Standards. These ratings agreed within 
0.1 per cent throughout the useful velocity range. 

Following the tests in the field, a substantial number of the 
meters of each type were recalibrated as required, whereas the 
propellers of all the meters were carefully checked against the 
plaster molds. 

These meters use oil-lubricated ball bearings, but the prime 
function of the oil is to keep water out of the bearings, rather 
than to lubricate. Nevertheless, there is some effect of viscosity. 
A record was kept of the water temperature in the rating tank, 
and ratings were made in the winter as well as the summer to 
secure temperature variations from about 5 C to 26 C. In addi- 
tion to repeated ratings with one meter at various water tem- 
peratures, calibrations were made with various blends of oil 
other than the light ice-machine oil supplied by the manufacturer. 
These blends consisted of sperm oil and kerosene. 

The result of this investigation indicated that the viscosity of 
the oil does affect the meter and that this effect in turn depends 
upon the rate of rotation. It was interesting to see that within 
the limit of the experiments, and any one rate of rotation, the 
effect varies in a straight-line relationship with the oil viscosity, 
Fig. 16. 

The oil mixture consisting of 10 per cent sperm oil and 90 per 
cent kerosene proved very satisfactory and no appreciable effect 
of temperature will be felt in practice. 

To determine the effect of oblique flow, four type-1 and six 
type-2 meters were inclined in a vertical plane by steps of 5 deg 
up to and including 30 deg. As the average characteristic of all 
meters of each*type was the ultimate object, these meters were 
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selected from the previous tests in order to have long, short, 
and medium pitches; although there was no great difference 
between the extremes. 

The effect of velocity upon the oblique-flow characteristics 
was investigated subsequently. One current meter of type 1 
was rated for angles of 10, 20, and 30 deg, while 10, 15, 20, 25, 
and 30 deg were used for type 2. For these tests, medium- 
pitched meters were chosen. It was found that for a given 
obliquity, the amount of under-registration of type 1 was in- 
dependent of the velocity; whereas for type 2, the under- 
registration increases for the higher velocities, Fig. 17. 

Having determined the average characteristic in the plane in 
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which oblique flow under test conditions could be expected to 
predominate, one meter of each type was turned in a horizontal 
plane to show that the angularity of flow had the same effect 
regardless of the plane of approach. 

(b) Principle of Discharge Correction Based on Two-Type Meter 
Method. By replotting Fig. 17, using as ordinates the cosines 
instead of angles, it was discovered that for curves of average 
per cent registration for the two types of meter, straight lines 
were obtained as shown in Fig. 18. It may be emphasized that 
this characteristic is of fundamental importance, as it indicates 
that the meters, in average, are integrating correctly all cosine com- 
ponents regardless of variation in obliquity and that both meter 
types furnish a registration corresponding to an identical mean 


T 


| 


Fie. 18 AVERAGE REGISTRATION OF TyPE 1 AND TypE 2 Vs. CosINgE 


cosine of obliquity. If the characteristics as shown in Fig. 18 
were curves instead of straight lines, and even if the under- 
registration of type 2 were a constant times the under-registration 
of type 1, different mean ordinates would be obtained for each 
meter type which would make it impossible to bring the two- 
type meter method to a correct analytical basis. 

The straight-line average characteristics for oblique flow, 
shown in Fig. 18, led to the correction curves shown in Fig. 19 
which obviously must be straight lines. Considering their deriva- 
tion, these correction curves may be used to combine the total 
discharges measured by means of the two types of meters instead 
of limiting their application to the individual velocity components 
obtained by both meters at the same metering station. This 
conclusion is most important, as a correction of individual 
velocity components determined at each station with both types 
of meters is almost a practical impossibility, because an enormous 
amount of computation would be involved in pairing individual 
observations to apply a correction to the individual type-l 
measurements. 

In addition it must be considered that variations in flow exist 
which make it impossible to obtain identical components with 
the same meter and at the same station for two consecutive 
measurements under identical physical discharge conditions. 
Experience has shown that individual velocity components ob- 
tained with one type of meter may vary more than 20 per cent 
for identical locations and equal discharges, but that the differ- 
ence in total discharges obtained from many individual measure- 
ments is less than 0.1 per cent. From this it appears that al- 
though individual corrections could be attempted, they would 
be erroneous if applied to obtain the obliquity at one particular 
location. 

It must be emphasized that the wholesale correction based 
on mean velocities or discharges determined with each meter 
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type, made the two-type meter method possible, both from a 
practical and theoretical point of view. 

(c) Current-Meter Measurements at Holtwood. It was con- 
sidered advisable to make some actual water measurements in a 
laboratory by means of the two-type meter method previous to 
measurements in the field. It was specified that the laboratory 
selected for these preliminary tests should have water-gaging 
facilities calibrated by the Gibson or Allen method. The Holt- 
wood hydraulic laboratory of the Pennsylvania Water & Power 
Company furnished a satisfactory set-up, as the venturi meter 
here installed to measure the discharge had been calibrated by 
means of the Allen salt-velocity method under excellent physical 
conditions. The measuring section for the current meters was 
located in the open steel flume on the downstream side of the 
laboratory. 

Two series of tests were made, one with the approaching 
water straightened, as much as possible, upstream from the 
plane of measurement by means of stilling racks, and a second 
group, without the racks, under comparatively rough-flow con- 
ditions showing visible signs of turbulence and obliquity. From 
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Table 1 it may be seen that the two-meter method, as developed, 
gave satisfactory results. 


(d) Analysis of Tests Made at the Obernach Research Station. 
An analysis in detail was made of the tests conducted in 1930 
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at the Obernach research station in Germany by the Research 
Institute for Hydraulic Engineering and Water Power, Munich. 
This investigation, based on original data, furnished, in addition 
to an independent check on conclusions resulting from the Holt- 
wood tests, a comparison of the two-type meter method against 
volumetric measured discharge.‘ 

4 J. M. Mousson’s discussion of ‘‘Research Institute for Hydraulic 


Engineering and Water Power,’’ by Hunter Rouse, Trans. A.S.M.E., 
1933, vol. 55, no. 10, paper HY D-55-3. 
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INCORPORATION OF INDEX METHOD IN TESTING PROGRAM 


It was recognized at the outset that it would be desirable to 
reduce the number of test runs to a minimum without impairing 
the accuracy of the measurements and without curtailing im- 
portant and necessary observation regarding the characteristics 
of the turbines. In the case of Kaplan units this requires more 
information than for any other runner type, since the proper cam 
which establishes the correct relation between wicket gate and 
runner-vane positions cannot be based on model tests. It is 
necessary, therefore, to run through a series of tests to obtain 
the characteristics of the runner for numerous fixed-blade angles 
and variable gate. 

In addition, it was realized that the index method would in- 
crease the effectiveness of the current meters. Index methods 
consist simply of the determination of the relative amount of 
water discharged by a turbine by observing the pressure differ- 
ences between two or more points in the turbine setting. Seven 
piezometer openings were provided in the wheel case of each 
Safe Harbor main unit. There are two piezometers of the Peck 
type built in a stay vane of the speed ring, three for a Winter- 
Kennedy system in the walls of the scroll case, and two located 
in one of the piers of the intake. A Winter-Kennedy system of 
three piezometers is installed in each of the service units. 

In certain tests made abroad, previously referred to, the entire 
characteristics of the unit were determined by means of 24 cur- 
rent-meter measurements. Each blade position was tested 
separately as though the unit were a fixed-bladed propeller 
runner. Inasmuch as there were but five points determined on 
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each individual blade-angle curve, there was opportunity for 
considerable latitude and judgment in drawing the final curve 
which would represent the performance if the blade and gates 
were held always in the theoretically correct relation to each 
other. A further disadvantage is that this shows simply the 
performance when conditions are right, and not the performance 
of the unit when actually operating with the blades and gates 
held in relation to each other by the cam. 

To determine the shape of the cam for a wide range of heads, 
as will occur at Safe Harbor, requires an extensive testing pro- 
gram which would have been exceedingly expensive and laborious 
with the current meters alone; hence the index method proved a 
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helpful means of determining the correct relation prior to the 
current-meter tests. The incorporation of the index method 
confined the use of current meters to testing on the cam, except 
for a few runs to check the shape of two of the multitude of curves 
obtained by the index method. 


TESTING PROCEDURES AND COMPUTATION 


(a) Point Method. The current-meter apparatus was first 
installed in the gate slots of the one unit which was provided 
with the false roof. To obtain the most suitable flow conditions 
for test, the adjacent units were operated so as to carry about the 
same load. During all current-meter tests, piezometer readings 
were taken. 

Both types of current meters were mounted 6 ft apart on the 
meter-support frames, the type-1 meters at the bottom and the 
type 2 at the top of the vertical rods. The metering stations are 
shown in Fig. 20. The type-1 meters covered the entire intake 
area, whereas the type-2 meters could only be brought to the 
positions D to L, inclusive. It was believed that the accuracy of 
the type-2 measurements would not be impaired materially by 
the fact that the latter could not be placed at the three lowest 
positions, A, B, and C, as it was assumed that the obliquity in 
the vicinity of the intake bottoms would be small. The data 
obtained by the type-1 current meters for the positions A, B, 
and C were combined with the type-2 measurements above these 
three horizontals to obtain the type-2 discharges. The meters 
were kept at each location 80 sec. The average duration of one 
complete test run was approximately 30 min. 

The individual velocities were obtained from the graphic-re- 
corder charts after first determining the chart speed by means 
of the second impulses, Fig. 21. The meter revolutions were 
counted and measured to the even ten, as the meter-contact 
wheels make one revolution for every ten revolutions of the cur- 
rent-meter propeller. The revolutions per second were then multi- 
plied by the corresponding pitch, in feet per revolution, obtained 
from the individual meter-calibration curves, Fig. 15. 

(b) Vertical-Integration Method. It is obvious that the con- 
ventional point method is exceedingly laborious, since for one 
complete run 324 type-1 and 243 type-2 velocities must be de- 
termined and 60 diagrams must be plotted and planimetered. 
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The enormous amount of time required for testing and computa- 
tion warranted a detailed study to simplify these procedures. 

It was suggested that tests be made by moving the frame at a 
constant speed over the total height of the intake and thereby 
causing the current meters to integrate all velocities encountered 
over the total length of the traverse. It was realized that, if 
this method should prove successful, that is to say, if results 
were obtained identical with the point method, enormous savings 
could be effected both in time required for actual testing and in 
computing the results. 

It was anticipated that, in letting the meters integrate all ve- 
locity measurements in one vertical traverse, mean velocities 
would be obtained corresponding to the same mean velocities 
as determined for the point method by means of the vertical 
velocity diagrams, and thereby eliminate the determination of 
individual velocity measurements and render unnecessary the 
plotting and planimetering of vertical velocity diagrams. 

In moving the frames an angularity is introduced which varies 
according to the lifting speed and the velocity of the water. 
For relatively high lifting speeds and one type of current meter, 
discharges would be obtained which are too small, although the 
influence is less than may be expected. In case this additional 
obliquity should have an appreciable effect in spite of relatively 
low lifting speed, it was expected that the two-type current- 
meter method would successfully solve the problem, as obliquities 
whether natural or artificial are evaluated. 

On the other hand, the current meters themselves showed 
characteristics favorable to an integration method. Plotting 
velocity in feet per second vs. revolutions per second for both 
types of meters in question, curves are obtained which are 
practically straight lines, as in Fig. 14. In spite of the increas- 
ing friction and slip at low velocities, the average of a number of 
ordinates taken at random from these curves falls so close to the 
lines themselves that an error is introduced which is, from a 
practical point of view, entirely negligible. 

To prove the workability of the vertical-integration method it 
was thought advisable to make a subsequent series of test runs 
on the same unit with the false roof in place, and then analyze 
these data independently of those obtained by the point method. 
The lifting speeds used were 4and 6fpm. This procedure cut the 
original time of 30 min, necessary for one run by the point methed, 
down to about 8 or even 5 min, respectively. In the course 
of one test run the meter frames were either lowered or raised. 
When raised, the frames disappeared completely into the gate 
slots above the flow passage and likewise started out from within 
the slots when the frames were lowered. 

Various ways of compiling the data were studied. The revolu- 
tions of the type-1 current meters were counted between the 
bottom and top of the intake bays, the limits being established 
by the record of the elevation indicator shown in Fig. 21. Because 
of the length of the record, it was considered satisfactory to esti- 
mate, at the ends of the charts, the number of revolutions to the 
even unit by extrapolation beyond the last contact indicating 
an even ten revolutions. Similarly the time was estimated to 
one-tenth of a second. 

Since the meters could be lowered no further than 6 in. above 
the bottom of the intake, it was necessary to determine the ve- 
locities in this area by some other means. The meters were held 
at this lowest elevation for about 6 sec, that is to say, at least the 
number of seconds which would have been required to traverse 
these 6 in. The additional number of revolutions was then multi- 
plied by a factor determined by the pitot-tube measurements. 
This number of revolutions was then added to the number 
counted as previously described. 

The type-2 current-meter registrations were counted between 
elevation 170.5 and the top of the intake bay as lower and upper 
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limits, respectively. In order to tie in the type-1 and type-2 
measurements near the bottom, it was necessary to determine 
the number of revolutions of the type-1 meter between the bottom 
and elevation 170.5. The type-2 discharge was obtained by add- 
ing the discharges indicated in the areas above and below eleva- 
tion 170.5 by the type 2 and type 1, respectively, Fig. 20. 

A comparison between the results obtained by the two methods, 
that is, by point and vertical integration, showed them to be abso- 
lutely identical. 

(c) Separate Measurements With Type-1 and Type-2 Meters. 
The enormous savings over the point method justified the ex- 
tension of the testing program to other units. First, one of the 
main units without a false roof in the intake was investigated. 
The plane of measurements was moved upstream into the emer- 
gency-gate slots to save all expenditures which would have been 
necessary to remove the intake gates and screw-stem gate hoist, 
and to provide fillers for the emergency-gate slots in the piers 
and ceiling over the emergency-gate slot openings to obtain 
suitable flow conditions further downstream. It was thought that 
in taking a chance and placing the plane of measurements in the 
emergency-gate slot, the full benefit of the two-type current-meter 
method would be investigated under conditions where the ex- 
pected obliquity was considerable. 

Still further savings in computation were possible by making 
these tests with each type of current meter alone, mounted near 
the bottom of the vertical support rods shown in Fig. 7. The 
separate application of the two types of meters made it necessary 
to plot the discharges obtained against a common standard such 
as piezometer deflection, power output, or gate opening before a 
discharge correction could be applied. It may be emphasized 
that this method is advisable in any case, whether or not the 
two meters are used simultaneously, as the spreading of the test 
points may thereby be eliminated before the correction is made. 

The advantage over the first method of using both types of 
meters simultaneously was that the evaluation of discharge 
indicated by the type-1 meters between the bottom and elevation 
170.5 was no longer necessary as the total height of the plane of 
measurements could be explored with the type-2 meter. The de- 
termination and planimetering of three discharge diagrams, that is, 
one for each intake bay per test run, could thereby be eliminated. 
The respective savings may be seen from Table 2. 

The rapid progress made in computing the test data for this 
second main unit made feasible an investigation of the discharge 
characteristics of one of the two service units. Besides the im- 
portant economies of time achieved by the adoption of the verti- 
cal-integration method, engineering and labor expense for the 
actual water gagings were kept at a minimum by the use of full- 
automatic equipment. Table 3 shows the number of men em- 
ployed for the measurements. The benefit derived from the 
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TABLE 3 
Safe Harbor Ryburg- 
Types 1 and 2 current meters 
Equipment and Personnel Separate Suatitawes 
Equipment in use at one time: 
urrent meters. . 27 54 30 
Graphic rec orders......... My 1 2 3 
4 
Personnel: 
Graphic 1 2 3 
Index meth 1 1 
1 2 3 


type of equipment and testing procedures may readily be seen in 
comparing the number of men used at Safe Harbor with the 
number of men at Ryburg-Schwoerstadt. In spite of the more 
elaborate equipment, considerable economies were accomplished 
at Safe Harbor. 


RESULTS AND ConcLUSIONS OF INITIAL TESTS 


_ (a) Unit With False Roof. The results of the tests made by 
means of the point and vertical-integration method with both 
meter types simultaneously and carried out at the unit provided 
with a false roof are shown in Fig. 22. The discharges indicated 
by each type of meter were plotted against the piezometer de- 
flections simultaneously obtained, using a double logarithmic 
scale. It is to be observed that the two curves are very distinct 


Vl 
Jf 
4 
a YPE 
5 Ae 
-TYPE 2 
E 
6 
TERCEPT AT LOG ANTKLOG ~ 
/ OPRECTION (06 SOF ss 
4 
> , Los 


D- OF FERENTIAL PRESSURE IN FEET OF WATER 


Fie. 22 Resuits or Tests on Unit Roor 


and are parallel to each other, indicating that there is a constant 
percentage by which the type-l and type-2 discharges differ 
from each other. By means of a correction curve similar to that 
shown in Fig. 19, the correction to be applied to the type 1 was 
found to be 1.06 per cent, which corresponds to an effective 
obliquity of 10.5 deg. 

Values of such magnitude seem surprising in view of the care 
that had been taken to straighten out the flow approaching the 
metering section. It should be recalled, however, that even under 
the conditions which were made as nearly ideal as possible in the 
experiments conducted by the Research Institute at Obernach, 
the behavior of the meters indicated an effective angularity of 9 
deg. 

It must be emphasized that for this particular unit the obliquity 
observed is to a considerable extent an effective angularity of 
individual water particles and flow filaments, the latter accentu- 
ated by the screens rather than a general obliquity of flow. 
The latter may be exemplified by the position of a thin streamer 
and the former by the fluttering of the tailend. A similar phe- 
nomenon has been observed by Prof. C. M. Allen who demon- 


HYD-57-10 313 


strated that salt injections in straight pipe lines spread very 
rapidly, even when flow is straightened out as much as possible.® 

Since the angularity observed in these tests did not greatly 
exceed that which was found for the practically ideal conditions 
at Obernach, it appears that the flow lines had been straightened 
out very well by the use of the roof. In spite of this precaution, 
there remains an influence which may cause a single-type meter 
to under-register by more than 1 per cent. It is essential, there- 
fore, in order to get correct results to make use of the two types 
of meter and not to depend entirely upon any means of straight- 
ening out the flow. 

Since a wide range of velocities must be integrated by a meter 
traversing the intake, or even in a fixed position, an investiga- 
tion was made at the Bureau of Standards to see if the accuracy 
was impaired by this phenomenon. Tests were made by varying 
the speed of the car carrying the meter through the tank. Most 
of the runs were made with two and four complete cycles of speed 
variation. For these tests the meters showed a slight tendency 
to under-register; the reason for this will be apparent when we 
consider that the speed of rotation is not strictly proportional 
to the velocity of the meter through the water. For velocities 
normally encountered in testing, and even for a considerable 
range between the high and the low portions of the cycles, the 
average effect can be shown to be very slight, but nevertheless 
always in the direction to under-register the flow. 

Another series of runs was made for a half cycle of speed varia- 
tion by gradually decelerating or accelerating the car during the 
whole length of the run. The inertia of the moving parts caused 
the meter to read slow when speeding up and fast when slowing 
down. Similar tests were conducted with the meter in an in- 
clined position and the same results were obtained. 

This work led to many other investigations and considerable 
interest has centered about the question of the ability of the 
meters to perform correctly under the conditions of test. For 
instance, it was thought that there might be some disturbing effect 
from the horizontal girders of the racks, Fig. 12. 

It is contended by some that the conditions under which a 
meter operates in practice are by no means comparable with the 
rating in still water. Others hold the opinion that the meter re- 
ceives myriads of impulses, each one of which is similar to move- 
ment through still water at some angle. Consequently, because 
it has not been found possible to make a meter rate fast in still 
water, regardless of the angle at which it is turned to the direc- 
tion of travel, with the possible exception of that small range of 
angularity where type 2 shows a slight tendency to over-register 
at low velocity, it is argued that these meters would always indi- 
cate less than the true flow. 

Of course it must be recognized that an eddy having its axis 
roughly parallel with that of the meter might cause gross over- 
registration, but the effect of this same eddy on a meter having 
the opposite direction of rotation would have an equally opposite 
effect. It was for this reason that left-hand and right-hand meters 
were used in alternate positions. 

These tests at the Bureau of Standards have taken other 
interesting forms, consisting of deliberately disturbing the water 
ahead of the meter by rakes and planks. Care must be exercised 
not to set up a motion of the water either with or against the 
meter, or to set up an actual swirl either in the direction the 
meter is turning or in the opposite direction. It cannot be said 
that these particular tests were conducted under ideal condi- 
tions, but they have served to demonstrate the ability of a meter 
to plow through highly turbulent water without any appreciable 
effect upon the accuracy of registration. 

5 N.E.L.A. Engineering National Section, Minutes of Hydraulic 
are — Meeting, Edgewater Beach Hotel, Chicago, Octo- 
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It is believed that, considering the great care taken in the 
observations, and the consistency of the test points when plotted 
as shown in Fig. 21, as well as the subsequent investigations 
regarding the behavior of the meters under various conditions 
in the rating tank, the interpretation of the results in determin- 
ing the correction to be applied to type-1 meter appears to be 
entirely justified. 

(b) Unit Without False Roof. The determination of the 
effective obliquity and the discharge correction from the data ob- 
tained by means of the vertical-integration method and separate 
application of type 1 and type 2 for the unit without the false 
roof was more difficult. If the difference in discharges registered 
by the two types of meters were used, a correction of 3.8 per cent 
should have been applied to the type-1 discharge measurements. 
It did not appear reasonable that the correction for the unit with- 
out the false roof would be so much larger than the correction for 
the unit with the roof, even though the plane of measurement 
had been moved upstream into the emergency-gate slots. 

A careful restudy of the chart records obtained by the vertical- 
integration method disclosed the fact that some type-2 meters 
had stopped rotating in all three intake bays in the vicinity of 
the ceiling. It was thought possible that the convergence of the 
streamlines might have exceeded the angle at which the meter 
stalls. 

To determine this angle accurately, further tests were made 
at the Bureau of Standards. By extending the range of obliquity 
above 30 deg it was found that the type-2 meter stalled for an 
angularity greater than about 34 deg regardless of the velocity. 
This is, of course, a fault which it is desirable to eliminate. 

Since the departure from the cosine and consequently the 
tendency to stall increases with the pitch, it is possible to remedy 
this condition by constructing a meter with a shorter pitch, 
Fig. 18. At the time of purchase it was thought that the 
angularity would not exceed the range of satisfactory performance 
of this type-2 propeller. For the sake of accentuating the differ - 
ence and securing greater accuracy in making the correction, a 
meter was obtained which would differ as much as possible from 
the type 1. 

(c) Service Unit. Great difficulties were also encountered at 
this unit which prevented the obtaining of a true discharge by 
combining type-1 and type-2 measurements. Aside from ex- 
ceedingly low velocity, excessive angularity in a horizontal direc- 
tion was encountered. This additional obliquity was caused by 
the fact that no main units were installed at that time on the 
river side of this service unit. Since the water for all the units 
has to approach the intakes from the river side, it is obvious 
that the water for the house units must flow almost parallel 
to the longitudinal axis of the power house. 

In spite of all these unfavorable circumstances, the type-1 
measurements appeared to be satisfactory as the performance 
range was not exceeded either by angularity or by low velocity. 
The type-2 meters, however, stopped almost over the whole 
vertical half of the intake toward the river side. Where the 
stoppage occurred for the type 2, the type 1 indicated very low 
velocity. To come to any conclusions regarding the magnitude 
of correction was impossible, and it was realized that the per- 
formance range of the type-2 meter had also been exceeded at 
this unit. 

SuspsEquENT TESTS 


The results of the tests which were carried out during 1932, 
as previous'y described, showed clearly the limitations of the 
equipment. 

To remedy this condition a variety of current-meter propellers 
of old and new design were investigated at the Ott laboratory. 
The object was to find a suitable propeller to be used in con- 
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junction with the type 1 and which would operate satisfactorily 
even under extreme oblique-flow conditions. Most desirable was 
a spoked-vane propeller design, since it had been indicated by the 
oblique-flow calibration of the type 1 that variations in velocity 
would not change the oblique-flow characteristic. This in- 
vestigation, however, was not confined to spoke-vane propellers 
having various pitches and vane shapes, but it included conical- 
screw propellers of the two-vane and three-vane type. The 
upper and lower limits in pitch were 70 and 15 em, respectively. 
Based on the results, it appeared that the most favorable solution 
would be to replace the type-2 meters of conical shape and 50-cm 
pitch with a spoked-vane propeller of 15-em pitch, which will be 
called type 3 hereafter. Its oblique-flow characteristic lay be- 
tween the type 1 and the cosine line, Fig. 17, and in view of 
this it was expected that the type-3 meter would indicate more 
water, that is to say, would under-register less than the type 1. 
The stalling angle of the type 3 was found to be above 70 deg. 
It was apparent that the relation between the cosine of the angle 
of obliquity and the amount of registration was a straight line and 
consistent from 0 deg to well above 60 deg. The high degree of 
relative precision obtained during the previous discharge measure- 
ments, to be discussed later, indicated that even in case the 
oblique-flow characteristic would not differ a substantial amount, 
reliable results could be expected by the two-type meter method 
employing type-1 and type-3 meters. 
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Discharge measurements were made first at the unit previously 
tested without false work, employing the type-1 and type-2 
meters separately, and using throughout the vertical-integration 
method. The computation of the discharges was simplified con- 
siderably by substituting an analytical method for the tedious 
process of planimetering the discharge diagrams. The weight 
given each current meter was half the distance between the two 
adjacent ones on either side. For the first and second meters 
from the wall, the proper weights were obtained from the pitot- 
tube investigation in proximity of the walls. 

The correction to be applied on the type-3 measurements was 
found to be 1.23 per cent, indicating an effective obliquity of 14 
deg (see Fig. 23) which corresponds to a correction of 2.09 per 
cent on the type-1 meter. 

Additional tests of the same unit were made but without the 
trash racks in place. The results indicated that the effective 
obliquity was slightly less when compared with the one previ- 
ously obtained. The discharges, however, as indicated by the 
two-type meter method were identical for both series of tests. 

The service unit was also retested employing a like procedure. 
The results indicated a discharge correction of 1.60 per cent on the 
type 3, corresponding to an effective obliquity of 16.5 deg. 
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HYDRAULICS 


ConsISTENCY AND RELATIVE PRECISION OF WATER GAGING 


The simultaneous application of two methods of water measure- 
ment, such as current-meter and index methods, permits an 
analytical determination of the consistency of the test results. 
A measure of the consistency is the average departure of the 
ratio of the discharge to the square root of piezometer deflection 
from the mean value of this ratio, given in Table 4. Where index- 
method facilities are not available, the consistency of the water 
gagings comprising the whole discharge range cannot be deter- 
mined, but it will be confined to one particular discharge arrived 
at by repeated tests under identical conditions. 

It is customary abroad to evaluate whenever possible the 
probable error of the measurements by means of the method of 
least squares. It must be emphasized, however, that the term 
“probable error” is misleading since the measurements usually 
are not compared with an absolute standard such as volumetric 
measurements. It is obvious that any method except the latter 
has inherent errors and, as long as the probable error of the test 
results is determined independent of an absolute standard, de- 
partures are obtained which are relative and not absolute. 


TABLE 4 DETERMINATION OF CONSISTENCY AND RELATIVE 
PRECISION OF TYPE-1 CURRENT METERS AND INDEX TESTS, 
UNIT WITH FALSE ROOF 


Square 
Q for root 
type-1 of Departures 
meter standard 
Test cfs. uncor. deflection, Per 
run for head vD Q/VD cent 62 
1 4752 1.677 2834 —16 0.56 256 
2 3687 1.295 2847 — 3 0.11 9 
3 6571 2.311 2843 —7 0.25 21 
4 8729 3.042 2869 +19 0.67 362 
5 8401 2.954 2844 — 6 0.21 36 
6 7875 2.767 2846 —4 0.14 16 
7 7426 2, 2848 —2 0.07 4 
8 51 2.328 2857 + 7 0.25 49 
9 5987 2.105 2844 — 6 0.21 36 
10 5994 2.112 2838 —12 0.42 144 
11 5887 2.062 2854 +4 0.14 16 
12 5289 1.851 2857 + 7 0.25 49 
13 4726 1.655 2855 + 5 0.18 25 
14 4174 1.465 2849 — 1 0.04 1 
15 3632 1.272 2855 + 5 0.18 25 
16 3115 1.089 2860 +10 0.35 100 
17 2657 0.933 2848 — 2 0.07 4 
Avg Ave 2s? 
= 2850 = 0.24 = 1153 


Consistency or average departure of one measurement = + 0.24% 
Mean departure of one measurement = + {y[Zé?/(n — 1)] = + 
¥(1153/16) = +85 = +0.30% 
Mean departure of all measurements = 
[252/n(n - = + v (1153/(17 16)] = 2.2 
Relative preci all = 0.674 X 6.08 % 


He 
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Table 4 shows the determination of the relative precision of the 
type-1 measurements made by the vertical-integration method 
on the unit with the false roof. The high degree of relative pre- 
cision may be attributed to various reasons, such as the elimina- 
tion of the personal equation in obtaining the data in the field 
and the new type of rating curve. In addition, it is believed 
that the second impulses obtained from the Warren master clock 


helped to eliminate one source of error which often consistently | 


impairs the accuracy of testing procedures. 

It is noteworthy that identical relative precisions were ob- 
tained for the point and the vertical-integration method on the 
unit with the false roof. Since the same number of measurements 
and identical piezometers were used for the derivation of the 
relative precision and in addition the same average ratios of dis- 
charge to square root of deflection were found, the two methods 
must be of like accuracy. 


Critica, REvIEw 


Experience gained at Safe Harbor shows that back flow is 
likely to occur as soon as the minimum section or the section of 
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parallel boundaries has been reached. Even in slightly converg- 
ing passages, such as used at Ryburg-Schwoerstadt, reversals 
have been observed. It would be far better, from this point of 
view, to make current-meter measurements at low-head power 
plants without the false roof where the flow is converging to a 
high degree as in the Safe Harbor units. 

In the light of the test results obtained at the unit with the 
false roof in the intake, it is believed that even where a parallel 
approach is provided to the gaging section, two types of meter 
must be used to allow for the effective obliquity. 

It should not be concluded that the necessity of two meter types 
would make this method uneconomical. It has been found at 
Safe Harbor that by means of the integration procedures, far- 
reaching savings may be made over the point method. For in- 
stance, the discharge for two runs by means of the integration 
method with both meters used separately could be computed by 
one man in a day, whereas at least four days were consumed for 
only one type of current meter for the point method. 

It is not necessary to confine the integration method to pro- 
cedures with vertical traverses. Where the depth of water pas- 
sages -is small in comparison to the width, horizontal traverses 
may be of advantage. In case current meters should be used in 
penstocks, in spite of the advantages of the methods sponsored 
by Gibson and Allen, the current meters may be mounted on a 
supporting rod pivoted in the penstock center. By means of a 
suitable gear mechanism, the rod may revolve so that the cur- 
rent meters describe a circular path. A position indicator, 
geared to the driving mechanism of the rod, permits the de- 
termination of the rod position from the chart records of the 
graphic recorders. 

It has been shown that the measurements with both types of 
current meter may be made separately to good advantage. 
Should the two-type meter method be contemplated elsewhere, 
it would be necessary to provide only one set of bodies including 
axles for the two sets of propellers. Following this suggestion, a 
considerable saving may be made in the cost of graphic recorders 
and other equipment. 

With reference to the current meters themselves it would be of 
advantage to select two meter types having a ratio of under- 
registration somewhat more suitable than the ratio of type 1 
and type 3. Here the correction to be applied on the type-3 
measurements is one and one-half times the difference between 
the indications of type 1 and type 3. It is believed that two 
spoke-vane propeller types having 15-cm and 30-cm pitch, re- 
spectively, would be more desirable since the correction on the 
shorter-pitch meter would be about equal to the difference be- 
tween the discharges indicated by the two types of current 
meter. 

The index method of testing has been extremely valuable, es- 
pecially in the determination of the proper cam shape, as well 
as in conjunction with the current-meter measurements to show 
the consistency of the test results. It may be emphasized, how- 
ever, that at Safe Harbor, the power company determined the 
proper shape of the cam, in spite of the fact that the cam is an 
integral part of the turbine. As the purchaser is naturally in- 
terested in obtaining the best possible cam shape, he may re- 
lieve the turbine manufacturer of this phase of the turbine 
design. 

This should not become the customary procedure and by no 
means should it be necessary for the sake of economy to sacrifice 
testing on the cam for the tests to determine the cam shape. It 
is believed that final acceptance tests of Kaplan units should 
always be made on the cam which will be used under normal 
operating conditions. 

Based on the experience gained in connection with the Safe 
Harbor tests, it appears that the effective angularity is much 
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greater than was previously expected and that measurements 
may be made to good advantage at locations of converging flow. 
It would be bad policy, therefore, to set a definite limitation re- 
garding the obliquity and say that the measurements are un- 
reliable when the angularity is more than a certain amount. 
The limitation of angularity should not be specified, but at- 
tention should be called to the fact that the angularity should 
not exceed the performance range of either of the two meters 
used. 

At the present stage of development in the art of water mea- 
surement, it is believed that economies which may be achieved 
through improved testing procedures and through the omission 
of temporary installations, as well as the possibility of gaging 
the discharge under operating conditions, make the current-meter 
method more attractive and economically more feasible. It is 
hoped that the record of the Safe Harbor tests, as outlined in this 
paper, will contribute to a better understanding of the problems 
involved in water gagings by means of current meters. Since in 
recent hydroelectric construction in the low-head field there is a 
marked tendency toward further shortening of the length of 
water passages, which may render other methods of measure- 
ments more difficult, a careful study of current-meter methods is, 
at this time, very desirable. 
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Draft-Gear Action in Long Trains 


By O. R. WIKANDER,' PITTSBURGH, PA. 


This paper is a study of the coupler pressures, car speeds 
and accelerations in a long train, produced by external 
forces acting on same. 

It is based on the similarity in behavior of such a train 
and of an elastic bar of the same length as the train, the 
same mass per unit length and the same yield, when sub- 
jected to longitudinal compressive or tensile forces. 

Following the method explained in the paper, the pres- 
sure and speed diagrams are derived for the various periods 
through which the waves are passing, the beginning and 
ending of each period being marked by certain events. 
Formulas are derived for the maximum bar pressures and 
tensions, for the locations at which they occur, and for 
the maximum accelerations or retardations of the par- 
ticles. 

It is shown how these formulas may be applied to freight 
trains of known characteristics, and the general require- 
ments are derived which should be met by a freight-car 
draft gear under given service conditions. 

Well-known elementary calculations, based on the 
official ARA Draft Gear Tests and supplemented by the 
formulas given in the paper, permit the design of draft 
gears suitable for the given service conditions. 


INTRODUCTION 


‘ , y HEN a long train is subjected to external forces, 

accelerating or retarding, the work performed or con- 

sumed by these forces is partly used to accelerate or 

retard the moving masses, partly to overcome train resistance, 

partly to compress the draft gears which connect adjacent cars, 

and to some extent to stretch or compress the car bodies them- 
selves. 

The action of the external forces produces different coupler 
pressures or tensions, car speeds, accelerations, and retardations in 
different parts of the train, depending on the nature of the forces, 
as well as on the elastic and mass properties of the train. 
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tion of Buenos Aires, Argentina. From 1911 to 1918 he was em- 
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Society or MECHANICAL ENGINEERS. 
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cepted until October 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


317 


RR-57-1 


Investigations of the action of external forces are of funda- 
mental importance for the solution of draft-gear and air-brake 
problems and for a better understanding of the inter-relation of the 
action of these important parts of the equipment of long trains. 

In the following investigation the action of the external forces 
is analyzed according to a method particularly suited for the pur- 
pose, but which apparently has never been applied before to any 
great extent to problems of this nature. 

This method is based on the theory of wave transmission in 
elastic solid mediums. Its use in solving train dynamic prob- 
lems was suggested in a paper by L. H. Donnell.? 

According to this method, a long train is assumed to be me- 
chanically equivalent to an elastic bar of the same length, the 
same mass per unit length, and the same yield under compression 
or tension. This assumption is only fairly correct because (1) 
no allowance is made for the free train slack, (2) the elastic bar is 
assumed to follow Hooke’s law which states that strain is pro- 
portional to the stress, while friction draft gears only approxi- 
mately follow this law, (3) the bar is supposed to be perfectly 
elastic, while the dampening effect of friction draft gears reduces 
the recoil forces in a long train, and (4) the elastic bar is assumed 
to have a uniformly distributed mass, while the mass distribution 
in a long train is not always even approximately uniform. 

In order not to overburden this paper with special cases the 
following investigation of an elastic bar has been limited to the 
case of a bar with uniform elastic and mass properties. 

The case of partial application of uniformly distributed forces 
has been included because it corresponds to the action of the 
type-K air brake, which is in general use at the present time. 

It would seem that a long train could always be represented by 
an elastic bar with both ends free and that the investigation of 
elastic bars with one or both ends fixed would have no bearing on 
train dynamic problems and might have been omitted. 

A fixed end of a bar corresponds, however, to a very sudden and 
great increase in its wave resistance and is comparable to the 
condition when a pressure wave traveling in an empty train strikes 
a group of fully loaded cars, and represents the extreme conse- 
quences of such a condition. 

They show that the investigation of an elastic bar with uni- 
form mass and elastic properties and both ends free only applies 
to trains with fairly uniformly distributed loads. Unusual load 
distribution, such as long trains composed of alternating strings 
of empty and loaded cars, require special investigation, which 
can be carried out by the use of the formulas given for reflected 
waves. 


1 LONGITUDINAL WAVES IN AN ELASTIC BAR 
Grapuic ILLUSTRATION OF Dynamic AcTION IN Lona Bars 


In a long bar the pressures, the particle speeds, accelerations, 
and retardations change not only from point to point in the 
bar but also from moment to moment at each particular point. 
It is therefore difficult to represent the action of the external 
forces in diagrams with only two coordinates. 

The method herein used to derive and represent the dynamic 
conditions in a long bar at a certain moment involves the use of 
two diagrams, one directly below the other, and, taken together, 
they portray the dynamic conditions of the bar at that moment. 


2*Longitudinal Wave Transmission and Impact,”’ by L.H. Donnell, 
Trans, A.S.M.E., 1930, vol. 52, paper APM-52-14-153. 
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The upper diagram usually represents the compression or ten- 
sion in the bar, and is called the pressure diagram, while the lower 
one usually represents the speed of the particles at each point of 
the bar. If not otherwise qualified the word “‘speed”’ denotes the 
speed of the particles of the bar. In these diagrams the hori- 
zontal base line represents the length of the bar. 

Several sets of diagrams may be shown in the same drawing, 
thus illustrating the gradual change in the dynamic conditions in 
the bar during a certain period of time. 

Where the propagation speed of pressure or particle speed is 
constant the horizontal distance between two points in the pres- 
sure or speed diagram represents the time required for a pressure 
or speed wave to travel the distance between the points. 

Since the change in the length of a bar, produced by longitu- 
dinal forces, is negligible as a rule, the base lines of the pressure and 
speed diagrams are of constant length. 

A pressure at any point of a bar is represented by a positive 
ordinate or an ordinate above the base line. A tension is repre- 
sented by a negative ordinate or an ordinate below the base line 
in the pressure diagram. 

A concentrated external force is represented as an ordinate at 
its point of application, positive or above the base line if the force 
acts in the direction from left to right, and negative or below the 
base line if it acts in the opposite direction. 

A distributed external force is represented by a curve in the 
pressure diagram and the ordinate at any point of this curve is 
equal to the algebraic sum of the external forces applying to parts 
at the left of this point, forces acting in the direction from left to 
right being considered positive and those acting in the opposite 
direction being considered as negative. 

The speed of particles at any point of the speed diagram is 
represented by a positive ordinate, or an ordinate above the base 
line if the particles move from left to right, and by a negative 
ordinate, or an ordinate below the base line if they move in the 
opposite direction. 

Further details as to the design and use of the pressure and 
speed diagrams will be given in the course of the discussion of the 
various problems. 


SPEED OF PREssURE PROPAGATION IN AN Exastic Bar 


It is known from the theory of sound that a pressure acting on 
an elastic body of uniform mass and elastic properties will propa- 
gate itself through the body at a constant speed, depending only 
on these properties. 

When applied to an elastic bar of uniform cross-section and 
constant modulus of elasticity, this speed is expressed by the 
equation 


where V = speed of pressure propagation, fps; k = stiffness con- 
stant or modulus of elasticity of the material in lb per sq in. 
multiplied by the cross-sectional area of the bar in sq in.; and 
m = mass per ft of length. 

Ezample. If Equation [1] is applied to a bar of 1 sq in. sec- 
tional area weighing 3.4 lb per ft, k = 30 X 10° lb per sq in., m = 
3.4/32.17 = 0.1058 = mass per ft, and V = 1/(30 X 108/0.1058) 
= 16,800 fps. 


SPEED OF PaRTICLES IN A PERFECTLY Exastic Bar 


A pressure wave passing through a bar produces a speed of the 
particles in the direction of the wave. This speed depends on the 
pressure to which the particle is subjected and on the physical 
characteristics of the bar, i.e., on m, its mass per foot of length, 
and on k, its stiffness constant. The relation between these 
quantities is expressed by the equation 


c 


f 
(mk) or f (2] 
where c = speed of the particles in the direction of the wave, ft 
per sec, and f = pressure to which the particles are subject, lb. 

The denominator ./(mk) is a constant which depends only on 
the physical properties of the bar. Thus, the bar pressure and the 
speed of the particles are proportional. A pressure wave there- 
fore produces a speed wave of the same speed as itself. 

If the end of a bar is subjected to a tension force, the tension 
wave will move in the direction opposite to that of the force, while 
the speed of the particles always has the same direction as the 
force which creates it. 

The relationship expressed by Equation [2] applies only to 
waves produced in a stationary bar and only to waves which have 
not been reflected. 

The expression \/(mk) has a certain analogy to an electric re- 
sistance and will for the sake of convenience be called the wave 
resistance of the bar. (This quantity corresponds to the acoustic 
resistance of a medium, as defined by H. Brillié, in Le Génie Civil, 
August 23 and 30, 1919.) 

If the wave resistance of an elastic bar is designated by Rw, 
Equation [2] can be written as 


REFLECTED PRESSURE AND SPEED WAVES 


If the mass or the stiffness constant of a bar suddenly changes 
the wave resistance will also change and the wave motion will be 


disturbed. 


Referring to Fig. 1, AB is an elastic bar, the part AC of which 
has the mass m per unit length, the stiffness constant k, and there- 
fore the wave resistance R, = ./(mk). The part CB of this bar 
has the mass m, per unit length, the stiffness constant k,, and 
therefore the wave resistance Ru: = (mk). 

Assuming that a constant force f, acting from A to B, is sud- 
denly applied at the end A, a bar pressure f and a speed of the 
particles c are created, both of which travel from A to C at a wave 
speed V (see Equation [1]). After passing through the inter- 
mediate shapes represented by the rectangles over AC’ and AC’, 
these waves both take the shape of the rectangle over AC as 
shown in Fig. 1 at the time they reach the point C. 

Because of the change in wave resistance, which occurs at C, 
further development of the pressure wave is disturbed and, if the 
wave resistance is increased at C, the pressure wave proceeds 
as shown in Fig. 2, in which the rectangle over AC is taken 
from Fig. 1. The bar pressure at C, Fig. 2, increases an amount 
f’, producing a reflected pressure wave of the height f’ super- 
imposed on the original pressure wave of the height f and travel- 
ing back from C to A. The total pressure f, at C, Fig. 2, produces 
a transmitted wave which travels from C to B at the speed V’ 
= V(ki/m). 

The speed diagram, Fig. 2A, corresponds to the pressure dia- 
gram in Fig. 2. Increase in the wave resistance at C causes the 
particle speed to drop the amount c’ or from c to ¢. This drop 
c’ in particle speed is reflected and travels from C toward A at 
the wave speed V, while the remaining speed c¢, is transmitted 
from C to B at the wave speed V’. 

The particle speed c, at C can be expressed in two ways 


a = 
= 
The pressure at C is 
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If /(mik:)/ (mk), the ratio of the wave resistances of the two 
parts of the bar, be designated as r, the forces f’ and fi, and the 
corresponding particle speeds c’ and c, which they create, may be 
expressed as follows: 


2r 

a= [8] 


If r is greater than unity in Equation [5], f’ will be positive, 
causing an increase in the bar pressure above its original value f. 
If, however, r is less than unity in this equation, f’ will be negative 
and will cause a decrease in the original bar pressure. The pres- 
sure f; is always positive. 

In case the bar has a free end at the point, the ratio r will be 
equal to zero and 


which means that the original pressure wave will be reflected, 
changing its sign. Also, if r = 0 is substituted in Equation [6], 
Si = 0, or the pressure in the transmitted wave will be zero. 

The particle speed produced by this additional force f’ will be 
c’ which, when deducted from the original speed c, gives forr = 0 


ec—c’ =c— (—c) =c+ec = 2........ [10] 


Therefore, it is seen that the speed of particles reaching a 
free end of a bar is also reflected but does not change its sign. 

Likewise, the foregoing equations prove that for a fixed end of 
the bar, corresponding to a value of r = ~, the additional pressure 


and the speed of particles changes to 


The bar pressure is reflected from a fixed end of a bar without 
change of sign while the speed of particles is reflected with change 
of sign. 

If r = 1, there is no change in the wave resistance and f’ as well 
asc’ are equal to zero, while f, = f and c, = c, as might be expected. 

The rules which govern the reflection of pressure and speed 
waves at the end of a perfectly elastic bar may be expressed as 
follows: 


1 A pressure wave reaching the free end of a bar is reflected, 
changing its sign. 

2 A pressure wave reaching the fixed end of a bar is reflected 
without change of its sign. 

3 A speed wave reaching the free end of a bar is reflected 
without change of its sign. 

4 A speed wave reaching the fixed end of a bar is reflected, 
changing its sign. 
ForMATION OF PressuRE AND Sppep WAVES IN A PERFECTLY 

Exastic Bar 


(A) Single External Force, Instantaneously Applied 
Referring to Fig. 3, assume that a constant force f is instanta- 
neously applied at A of a perfectly elastic bar AB so as to act 
from A to B. 
Such a force would be created by an infinite mass striking the 
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end A at a speed c, which, multiplied by the wave resistance of 
the bar ./(mk) would produce the force f, expressed by Equa- 
tion [2]. 

The material at the end of the bar to which the force is applied 
would be compressed, setting up a pressure in the bar which may 
be represented by the vertical line AC. Under the continued 
application of the force the compression will travel as a wave 
along the bar at a speed determined by the physical properties 
of the bar. See Equation [1]. 

The pressure distribution in the bar at successive intervals of 
time can be represented by the rectangles ACC’A’, ACC’A’, 
and ACDB. The last rectangle represents the pressure in the 
bar at the instant that the front of the pressure wave reaches the 
end B. 

It is interesting to note that the ratio of the speed of particles 
c as given by Equation [2] to that of pressure and speed trans- 
mission V as given by Equation [1] can be expressed as 


= = [13] 


and is therefore equal to the ratio of the bar pressure to the stiff- 
ness constant of the bar. 

The diagram in Fig. 3 can therefore be considered as represent- 
ing either the internal pressures or the speed of particles produced 
as the pressure f travels from one end of the bar to the other. 
From the moment that the pressure reaches the end of the bar the 
pressures and the particle speeds can no longer be represented by 
the same diagram. The subsequent changes in pressures and 
speeds will depend on whether the end B is free or fixed. 

If this end is free, the pressure will drop to zero and a tension 
wave traveling from B to A at the speed V will gradually reduce 
the pressure diagram to the rectangles AA"C"C and AA’C’C un- 
til it disappears into the vertical AC. 

If at this moment the force f continues to act, it will produce a 
new pressure wave which will again travel to the end B of the bar 
and again recede to zero, this process continually repeating itself 
as long as the force f continues to act. 

The speed diagram which is identical with the pressure diagram, 
Fig. 3, except for the scale, until the front of the wave reaches the 
end B of the bar, is illustrated in Fig. 3A, in which the rectangle 
ABDC has been taken from Fig. 3. 

The sudden drop of the pressure at the end B will increase the 
speed of the particles at this point to the value BE = 2BD. 
The wave front DE of the speed wave will travel from B to A in 
unison with the receding pressure wave and take the consecutive 
positions Z"C” and E C’ until it reaches the position CF and the 
speed diagram takes the shape of the rectangle ABEF. If the 
force f continues to act, the speed of the particles at the point A 
will increase the amount FG = CF = AC, and the speed-wave 
front GF will travel from A to B, taking the intermediate posi- 
tions G’E’ and G’E” until it reaches the position HH. The speed 
diagram takes the shape of the rectangle ABHG. 

If the end B of the bar AB is fixed the pressure diagram is repre- 
sented by Fig. 34. When the front of the pressure wave reaches 
the fixed end B it is reflected without change of sign from B to A, 
the wave front DE taking the intermediate positions C"E” and 
C’E’ until it reaches the position CF. The pressure diagram 
takes the shape of the rectangle ABEF. 

If an infinite mass moving at the speed c produced the pressure 
f, it would suddenly increase the pressure to 3f, or from AC to 
AG, Fig. 3A, as the reflected pressure wave reaches A. Upon its 
next return this force would increase to 5f. The increases in force 
continue in this manner until the bar pressure becomes infinite. 

Therefore, if the end B of the bar is free, Fig. 3 represents the 
pressure on the bar and Fig. 3A represents the speed of the 
particles, while if the end B is fixed, the pressure is represented 
by Fig. 3A and the speed by Fig. 3. 
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(B) Single External Force Gradually Applied and Removed 


Referring to Fig. 4, AB is a long bar of uniform cross-section 
and constant modulus of elasticity. If a compressive force act- 
ing longitudinally at the end of the bar is gradually and uniformly 
increasing from zero to the value f during the time ¢, it will create 
a pressure wave, represented by the triangle ACD, traveling 
from A to B at the pressure-propagation speed V. The inclined 
cross-sectional lines represent the consecutive positions of the 
wave front. The vertical AD represents the force f while the 
horizontal AC represents the distance L the pressure has trav- 
eled in the time ¢. 

Every particle of the part AC of the bar has, under the influ- 
ence of the force f, been given a certain speed c which according 
to Equation [13] is smaller than the speed of pressure trans- 
mission in the same ratio as the force f is smaller than the stiff- 
ness constant of the bar. 

The time ¢ during which the pressure f was attained does 
not affect the resulting speed of the particles. The diagram 
ACD represents the speed c of the particles at the time ¢ as well 
as the internal pressure in the bar, although the scaies of course 
are different. 

If the force f remains constant for a certain length of time t, 
referring to Fig. 5, the wave front CD, taken from Fig. 4 and 
shown in thin lines, will then have traveled the distance DD, and 
have reached the position C:D,._ The pressure distribution in the 
bar is then represented by the area AC,;D,D. The inclined cross- 
sectional lines represent the consecutive fronts of the pressure 
area during the time ¢,. It also represents the speed of the par- 
ticles, as previously explained. 

With reference to Fig. 6, assume that the force f decreases 
gradually to zero during the time t. If the material of the bar 
is perfectly elastic or free from mechanical hysteresis, the pressure 
area AC,D,D, which has been taken from Fig. 5 and is shown in 


thin lines, will, during the time t:, have traveled the distance L2 
without changing its shape and will be represented by the area 
A,C,D2.D;._ While the force f decreases during the time t, the 
pressure and speed line AD; will be formed and the particles in 
AA, of the bar will be retarded gradually until those at A return 
to a standstill, after the time t. At this time the pressure and 
speed diagram has taken the shape AC,D.D, and is moving from 
A to B at the constant speed V without changing its shape. 

At the instant illustrated by Fig. 6 the pressure (and speed) 
history during the interval ft. is represented by the successive 
positions of the dot-and-dash lines. It starts from the point D 
when the pressure f begins to decrease and progresses to the 
position AD when the force f at A has become zero. In the 
meantime the point D, at which the decrease in pressure began, 
has traveled to D3. 

When the quadrangle AC,D.D,; passes beyond the point B, it 
changes its shape in different ways for the pressure and the speed 
diagram, the change in shape depending on whether the end B of 
the bar is free or fixed. 

When the End B of the Bar AB Is Free. Referring to Fig. 7, it 
is assumed that the pressure and speed wave, represented by the 
quadrangle AC,D,D,; taken from Fig. 6 and shown in light full 
lines, has traveled until it would have reached the position 
A:C3DsD, if the bar AB had extended far enough. The part 
BC3E of this quadrangle, which would extend beyond the free end 
B, is reflected and changes its sign. Hence, an equivalent area, 
represented by the triangle BD,E is deducted from the remaining 
pressure area, forming a resulting pressure diagram represented 
by the quadrangle A,BD,D,. The inclined dashed lines within 
the area AA2D,D; represent intermediate positions of the rear of 
the wave as it progresses from AD; to A,D,. The dashed lines 
within the area BC,D.D; represent intermediate positions of the 
wave front as it advances from C,D, to BD,. 
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The corresponding speed diagram is shown in Fig. 7A. In this 
case, the part of the wave which would project beyond the free end 
B is reflected without change of sign and, adding itself to the, as 
yet, unreflected part, passes through the intermediate shapes, 
shown in dashed lines within the quadrangle BC,D.E, until the 
speed wave takes the shape of the quadrangle A,BE,D, at the time 
the pressure diagram assumes the shape shown in Fig. 7. 

Figs. 8, 9, 10, 11, 12, 13, and 14 show consecutive shapes of the 
pressure diagrams which are produced when the wave is reflected 
at the free end of a bar. Likewise Figs. 8A, 9A, 10A, 11A, 12A, 
13A, and 14A show consecutive shapes of the corresponding speed 
diagrams. 

When the End B of the Bar AB Is Fixed, the diagram represent- 
ing the speed of the particles is as shown in Fig. 7, while Fig. 7A is 
the pressure diagram. The latter part of the pressure diagram, 
Fig. 7A, which would extend beyond the end B is reflected with- 
out change of sign and, after the front of the wave has passed 
through the intermediate shapes represented by the dashed lines 
in Fig. 7A, the pressure diagram assumes the shape of the quad- 
rangle A;:BE,D,. Referring to the speed diagram, Fig. 7, the 
part BC;E which extends beyond the fixed end B of the bar is re- 
flected, changes its sign and is deducted from the, as yet, un- 
reflected part of the diagram. The front of the speed wave passes 
through the intermediate shapes, represented by the dashed lines 
in Fig. 7, until the speed diagram takes the shape of the quad- 
rangle A:BD;D,, shown in the same figure. 

Figs. 7, 8, 9, 10, 11, 12, 13, and 14 are the speed diagrams and 
Figs. 7A, 8A, 9A, 10A, 11A, 12A, 13A, and 144A are the corre- 
sponding pressure diagrams, derived for a bar with the end B 
fixed. Corresponding points in the speed diagrams and pressure 
diagrams are marked with the same symbols. 


(C) Uniformly Distributed External Forces Gradually Applied 


Referring to Fig. 15, AB is a perfectly elastic bar subjected to 
external longitudinal forces acting from A to B, the application 
beginning at A and gradually progressing to B at a constant rate 
of force application, corresponding to the gradual application of 
the brakes in a long train. It is proposed to determine the pres- 
sures produced by these forces as well as the speeds imparted to 
the particles of the bar. 

The formation of the waves will be somewhat different, de- 
pending on whether the ratio of the speed of pressure trans- 
mission to the rate of force application is greater than, equal to, 
or smaller than unity. The reflection of the waves from the ends 
of the bar also will be different, depending on whether the ends 
are free or fixed. 

In every case the formation of the waves can be subdivided into 
a number of distinct periods, the transition from one period to the 
other being marked by certain events. Diagrams, showing the 
dynamic conditions of the bar at each transition point and at two 
intermediate points during each period, as well as analytical ex- 
pressions of various quantities, will be used to illustrate the for- 
mation and to compute the magnitude of the pressure and speed 
waves in the bar. Pressure and speed diagrams have been in- 
vestigated for the cases listed in Table 1. 

Case 1, Period 1. This period begins with the application of 


TABLE 1 CASES any CONDITIONS OF PRESSURE AND SPEED 
AVES INVESTIGATED 


Case 1 p>l End A free End B free 
Case 2 p=1 End A free End B free 
Case 3 p<l End A free End B free 
Case 14 p>l End A free End B fixed 
Case 2A p=1 End A free End B fixed 
Case 3A p<l End A free End B fixed 
Case 1B p>l End A fixed End B free 
Case 2B p=1 End A fixed End B free 
Case 3B p<il End A fixed End B free 
Case 1C p>tl End A fixed End B fixed 
Case 2C p=1 End A fixed End B fixed 
Case 3C p<il End A fixed End B fixed 


the force and continues until the pressure wave reaches the rear 
end of the bar. Let the vertical BO in Fig. 15 represent the total 
longitudinal force which is to be gradually and uniformly ap- 
plied over the bar AB. 

After a certain time ¢ the force application may have pro- 
gressed to a point C” on the bar AB. The longitudinal force dis- 
tributed over the part AC” of the bar is represented by the 
vertical C”D”. The force acting at each point of the part AC” 
divides into a tension force and a compression force of equal 
magnitude. This results in a uniformly distributed force C’E’ 
equal to '/; C’D", producing a compression wave, plus a uni- 
formly distributed force C’F”, of the same magnitude as C’E”’, 
producing a tension wave. 

Since the speed of pressure transmission V is assumed to be 
greater than the rate of force application V;, the compression 
produced when the external force began to act at A will have 
traveled to a point G” beyond the point C” by the time the force 
application reaches this latter point. The pressure distribution 
produced by the force C”E is then represented by the triangle 
AE’G". If the bar had extended beyond A, the tension wave 
would have traveled a distance AH” = AG” and the tension 
distribution produced by the tension force C”F” would have 
been represented by the triangle AF”H”’. 

The part AH”J” of this tension triangle, which extends be- 
yond the free end A of the bar, is reflected, changes its sign, 
and forms the pressure area AJ"K”". If the tension area AF”J” 
is subtracted from the pressure area AJ"K", a pressure area 
F’J"K" remains. Adding this area to the pressure area AEG’, 
the resulting pressure diagram is represented by triangle AGL”. 

The corresponding speed diagram, shown in Fig. 15<A, is simi- 
larly constructed with the exception that the areas of the tri- 
angles AE"G" and AF’J” and that of the reflected triangle 
AJ’H" are all added together, forming the speed diagram 
AG’"L"M". 

After the pressure propagation has reached the rear end B of the 
bar, the pressure diagram has taken the form of the triangle 
ABL. The point L is the intersection of the extended line AL” 
with the line BL drawn parallel to G"L”. The corresponding 
speed diagram is represented by the area ABLM in Fig. 15A. 
The point L has the same location in Fig. 15A asin Fig. 15. 

This condition represents the end of the period. From the 
geometric relationships in these diagrams the following analyptienl 
expressions may be derived. 

The vertical CD in Fig. 15 represents the total applied ex- 
ternal force = f,l;. The maximum occurring internal pressure 
at the end of this period is represented by the vertical CL and can 
be expressed as 


= fil [14] 
The location of the point C at which P, occurs is equal to AC or 


The acceleration of the part AC of the bar, to which the exter- 
nal forces have been applied, is equal to the accelerating force, 
represented by the vertical CD, less the retarding force, repre- 
sented by the internal pressure CL, divided by the mass, repre- 
sented by the horizontal AC, or 


The acceleration of the part BC of the bar which has not as yet 
been reached by the force application is represented by the in- 
ternal pressure CL = P, divided by the mass of the part BC of the 
bar on which it acts. This acceleration is 
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The time at which the pressure P; is reached may be expressed 
as 


and the speed, which the part AC has acquired after the time t, 
represented by the vertical CL in Fig. 15A, may be expressed as 


Comparing Equation [14] for P: and Equation [19] for ci, it 
will be noted that the vertical BO in Fig. 15 represents the sum 
fiL of all the external forces ultimately acting on the bar, while 
the same vertical distance in the speed diagram would represent 
the expression f,L/mV or the speed which the unit force f, acting 
on the unit mass m would impart to the mass during the time 4. 

The momentum of the bar at the time ¢; may be expressed as the 
average external force applied to the bar during the time ht, 
multiplied by the time or 


Up to this point the formation of the wave has been indepen- 
dent of whether the end B of the bar is free or fixed and, therefore, 
the above formulas apply to both Case 1 and Case 1A. 

Case 1, Period 2. This period begins at the time the pressure 
wave reaches the free rear end of the bar and continues until the 
reflected wave meets the crest of the original one. 

Referring to Fig. 16, the pressure diagram A BL has been taken 
from Fig. 15 and the speed diagram ABLM in Fig. 16A has been 
taken from Fig. 15A. Following the same procedure as outlined 
under Period 1, it will be found that the pressure diagram changes 
from the triangle ABL at the beginning of this period, takes the 
intermediate forms represented by the areas ABB’L’ and 
ABB"L", and assumes the form of the triangle A BL, at the end of 
this period. The corresponding speed diagrams change from the 
quadrangle ABLM at the beginning of this period, takes the 
intermediate forms, represented by the areas ABN’B’L'M’ and 
ABN"B"L"M", and assumes the form of the rectangle ABNM, 
at the end of this period. 

It is interesting to note that every particle in the bar has a uni- 
form speed c, = C,Z, in Fig. 16A at the time of the maximum 
occurring bar pressure P; = CL, in Fig. 16. 

This pressure can be expressed as 


2p 
Ps = fobs —...... 21 
[21] 
and occurs at the distance AC; from point A, which is 
2 
(22 


The acceleration of the part AC; ot the bar is still a), as given in 
Equation [16], while that of the part BC, of the bar is 


fi 


= 2a = - 


The time & at which the pressure P; is reached may be ex- 
pressed as 
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The speed c, is equal to the distance C,L, or 


= at, 
or 
_ fil 2 
mV (p + 1)? 
The momentum of the bar at the end of this period, computed 


as the product of its mass m and its uniform speed c, can be ex- 
pressed as 


_ 
V (p +1)? 


It has been found, as the equations developed for the above 
Period 1 and Period 2 of Case 1 have indicated, that every specific 
value of the various quantities P, /, a, t, c, and Q can be expressed 
by a function of the constants of the bar which is the same for 
all cases and periods multiplied by a function of the propagation 
ratio p. The function, however, will vary according to cases and 
periods. 

It has been shown how such specific values are constructed or 
computed from the constants for Periods 1 and 2 of Case 1. 

For the purpose of the present investigation, the maximum 
value of P, its location 1, and the maximum value of the accelera- 
tion or retardation a are the most important quantities. There- 
fore, the following analysis will be confined generally to the 
study of these quantities. 

Case 1, Period 3. This period begins at the time the pressure 
wave, which has been reflected from the free rear end B of the 
bar, meets the crest of the original wave, and continues until the 
force application has reached the end B. 

Following the procedure previously outlined, the pressure dia- 
gram Fig. 17, which at the beginning of this period is represented 
by the triangle ABI, takes the intermediate shapes represented 
by the quadrangles ABL,'L,’ and ABL,"L,” and assumes the 
shape of the triangle ABL, at the end of the period. The corre- 
sponding speed diagram Fig. 17A changes from the rectangle 
ABNM, at the beginning of this period, takes the intermediate 
shapes represented by the areas ABN'L,'L,'M,' and ABN"L,’- 
L,”M;", and assumes the shape of the area ABN,L,M; at the end 
of this period. 

The maximum internal pressure occurring at the end of this 
period is represented by the vertical C,Z,. in Fig. 17 and can be 
expressed as 


Q: 


27 
Ps = fil [27] 

It occurs at the distance AC, from point A which is 


The acceleration of the part C.B of the bar at the end of this 
period is 


Summary of Analysis of the Remaining Periods and Cases. It 
is believed that the foregoing analysis of the first three periods of 
Case 1 illustrates sufficiently the application of the method to 
other periods and cases and that a reproduction of all the dia- 
grams of individual periods of the remaining cases will not be 
necessary. 

For the development of any desired period in any of the cases 
listed in Table 1, the diagrams shown in Figs. 18A to 18H are 
helpful. Referring to Fig. 18A, the horizontal AB is the bar to 
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which the uniformly distributed external forces are gradually 
applied, acting from A to B at a uniform speed of application. 

The horizontal AD in Fig. 18A represents the accumulated 
travel of the front of the pressure wave back and forth between 
A and B, from the time it originated at the front end A of the 
bar. The horizontal AC represents the accumulated travel of 
the front of the tension wave, also originating at theend A. Each 
of these lines is divided into sections within which the original 
wave retains its sign, alternating with sections in which a change 
of sign occurs. The inclined lines, which intersect the hori- 
zontal AD in the points 1, 2, 3, ete., represent the advancing front 
of the compression wave at the end of the Ist, 2nd, 3rd, etc. 
periods, respectively. Likewise, the inclined lines, which inter- 
sect the horizontal AC in the points 1, 2, 3, ete., represent the 
front of the tension wave at the end of the Ist, 2nd, 3rd, ete. 
periods, respectively. 

In the pressure diagram Fig. 18A, both the compression and 
tension waves change their sign every time they pass the free ends 
A and B of the bar. The horizontals AD and AC may therefore 
be divided into sections within which the original wave retains its 
sign, alternating with sections within which a change of sign 
takes place. In view of the fact that ends A and B are both free, 
each such section is equal to the length AB of the bar. 

The pressure diagram at the end of any period of Case 1 will 
be found if the areas between the inclined line AZ in Fig. 18A 
and the wave fronts above the base line CD are algebraically 
added to the areas between the inclined line AF and the wave 
fronts below the base line, keeping in mind that the sign is 
changed so as to be negative in the areas BEG4 and 7HJD above 
the line CD and so as to be positive in the areas AKL1, and 4MN7 
below the base line CD. The addition of these areas should be 
carried out in such a way that the points 4 and C come at the end 
A and points 1 and 7 at the end B of the bar. All the areas en- 
closed by full lines are positive while those formed by dashed lines 
are negative. 


CASE 1 PERIOD 4 


CASE 1A 


CYCLE——~ 


FIG. 19A FIG 18H 


The speed diagram at the end of any period is constructed from 
the diagram in Fig. 18B in the same manner, except that all the 
areas are added together arithmetically since the speed waves are 
all positive and all are reflected from the ends of the bar without 
change of sign. 

In Figs. 18A to 18H, inclusive, the vertical height of the pres- 
sure diagrams represents one-half of the total applied external 
force or '/,f,\L. The height of the speed diagrams or the speed 
represented by the verticals BE = BF may, according to Equa- 
tion [2], be expressed as 


and is equal to the speed of the particles. This speed will be 
produced by a pressure equal to one-half of the external forces in a 
bar of the wave resistance +/(mk). 

During the first period the unreflected compression and ten- 
sion areas in all the pressure diagrams have opposite signs, the 
former being positive and shown in full lines above the line AB, 
while the latter are negative and shown in dashed lines below the 
base line AB. The corresponding unreflected waves in all the 
speed diagrams are both positive during the first period and shown 
in full lines. 

The signs of the compression and tension waves during the 
following periods depend on whether the ends of the bar are 
free or fixed. In Figs. 18A to 18H, inclusive, the sections within 
which the diagram areas are positive are shown in full lines. 
Those within which they are negative are shown in dashed lines. 
With the help of such diagrams, the pressure and speed diagrams 
for all the cases and periods in Table 1 have been investigated, but 
it is not considered necessary to reproduce them all. 

The diagrams for the Cases 1, 2, and 2A may serve as examples. 
Figs. 19 and 19A and Figs. 20 and 20A represent Case 1, Periods 
4 and 5, respectively. Figs. 21 and 21A and Figs. 22 and 22A 
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represent Case 2, Periods 1 and 2, respectively. Figs. 23 and 23A 
to Figs. 27 and 274A, inclusive, represent Case 2A, Periods 1 to 
5, respectively. 

In each of these figures the diagram at the beginning of the 
period is shown in light full lines. 'Two intermediate shapes of the 
diagram are shown in dashed lines. The diagram at the end of 
the period is shown in heavy full lines. The diagram at the end 
of one period is of course the same as that at the beginning of the 
following period and both are designated by identical symbols. 

In all the cases it will be found that from a certain point on the 
pressure diagrams are regularly repeated in cycles of a certain 
number of periods each. This applies also to the speed diagrams, 
with the qualification that in Cases 1, 2, and 3, where both ends 
of the bar are free, the speed of the bar as a whole increases con- 
tinuously under the influence of the applied external forces. 
The number of periods in each cycle and the number of the 
period at the end of which the cycles begin are given in Table 2 
for all the cases listed in Table 1. 


TABLE 2 CYCLES OF THE PRESSURE AND SPEED WAVES 


: Period no. at No. of periods up 
Case No. of periods end of which to and including 
number per cycle cycles begin the first cycle 

1 6 3 9 
2 2 1 3 
3 6 2 8 
1A 12 3 15 
2A 4 1 5 
3A 12 2 14 
1B 12 3: 15 
2B 1 5 
3B 12 2 14 
1C 6 3 9 
2C 2 1 3 
3c 6 2 8 


The analysis of the pressure and speed waves for the type of 
force application under consideration thus involves an examina- 
tion of a total of 108 sets of diagrams. For the purpose of this 
investigation it is considered sufficient to give the summary of 
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such an examination. This summary is contained in Tables 3 
and 4. 

In the preceding analysis it was always assumed that the ex- 
ternal forces, beginning at A, acted in the direction from A to B, 
in which case the conditions listed in Table 3 would apply. 

If the external forces should begin to be applied at A but should 
act in the opposite direction, or from B to A, all the preceding 
diagrams would change in such a manner that every point of 
them would move vertically across the line AB to an equidistant 
position. The various values for Table 3 would still apply, but 
their meaning would change according to Table 4. 

The changes in the force application do not affect Table 1. 


(D) Partially Applied Uniformly Distributed External Force 
Acting on a Perfectly Elastic Bar 


1 Both Ends of Bar Free. Referring to Fig. 28, AB is a per- 
fectly elastic bar subjected to a uniformly distributed external 
force, acting from A to B, its application beginning at A and 
progressing at a uniform rate up to point C. 

Partial Force Application for p > 1. At the time the force 
application reaches the point C, the pressure diagram will be 
represented by the triangle ADE. By the use of the previously 
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TABLE 4 CONDITIONS 
IN ELASTIC BAR WHEN 
PRESSURE IS APPLIED 


Line FROM A TO B VALUES FOR TABLE 3 AND TABLE 4 FROM B TOA 
1 2 3 1A 24 3A 1B 2B 3B 20 Case number 
2 Max bar pressure, multi- Max bar tension, multiply 
ly values in this 2 2 2 3—>p values in this line by fil 
Sil ( 1)? (p + 1) 

3 Distance from front end of Distance from front end of 
the hee at wabeh max = 1 ee 1 1 1 2 12 2 1 1 the bar at which max ten- 
pressure occurs, 2 2 sion occurs, val- 
values in this line by ues in this line by 

4 No. of earliest period during No. of earliest period during 
which max bar pressure ( 2 1 2 7 2 7 2 1 2 3 1 which max bar tension 
occurs occurs 

5 Max bar tension, multiply = at _ Max bar pressure, multiply 
values in this line by = 2 2 2 2—p 1 values in this line by 
fi (1 + p) 2 2(1 + p) 

6 Distance from front end of Distance from front end of 
the bar at which max (p— 1 0 1 0 0 0 the bar at which max 
tension occurs, multiply 2 2 2 2 pressure occurs, multiply 
values in this line by p values in this line by L 

7 No. of earliest period during No. Rd eae riod during 
which max bar tension> 5 2 5 11 + ll 6 2 6 4 1 which max bar pressure 
occurs occurs 

8 Max acceleration (or retar- Max acceleration (or retar- 
dation) of particles of bar, (3p — 1 1 Pag eee” oo A. 1 ee dation) of particles of bar 
multiply values in this p? —1 p—i p—1 p?—1 1 — p? ply values in this line 
line by fi/m 

No. of earliest period during as a sonia period during 
which max acceleration > 5 1 2 5 1 5 8 1 8 3 1 which max acceleration 
(or retardation) occurs (or retardation) occurs 


described method, it is found that under the influence of the 
applied force, the pressure diagram will take the intermediate 
shapes AD.G,E:, and the final shape ABG;E;E:2, the 
latter being attained at the time the front of the pressure wave 
reaches the end B of the bar. The vertical CZ, in the pressure 
diagram, Fig. 28, represents the maximum occurring bar pressure 
and the greatest bar pressure that the applied force can produce, 
regardless of the length of the bar AB. 

If the external force applies to the part AC of the bar AB as 
shown in Fig. 29, the reflected pressure wave will just reach the 
crest of the original one at the time the latter reaches its maxi- 
mum value CD. 

Referring again to Fig. 28, it will be seen that the maximum 
pressure produced by a force applied over the part l of a bar never 
can exceed the value represented by the vertical CE, which may 
be expressed as 


The greatest length l,, represented by the distance AC in 
Fig. 29, which still permits the formation of such a pressure may 
be expressed as 


and the corresponding maximum bar pressure, represented by the 
vertical CD in Fig. 29, is 


2 
Py = fils fils 

The maximum bar pressure for a force application extending 
over the whole length of the bar is represented by the vertical 
CD, in Fig. 30 and is given as P, in Equation [21]. It occurs 
when the force application has proceeded the distance AC, in 
Fig. 30, given as 1, in Equation [22]. Also, P: is larger than P, 
for all values of p greater than unity. 

For all values of | between the limits 0 < 1 < 4, the maximum 
bar pressure P is expressed by Equation [31]. For values of 1 
within the range , <1 < l,, the maximum value of P is expressed 
by the equation 


P = fill(p — 1) + 2L) +p 


Partial Force Applicationfor p= 1. By using the same method, 


the pressure diagrams shown in Fig. 31 are obtained for p = 1. 
The broken line ABCD represents the form of the pressure dia- 


FIG. 29A 


gram at the moment the maximum obtainable bar pressure ED 
first occurs. This maximum pressure can be expressed as 


P, = 


For all values of | between zero and '/,L, the corresponding 
value of P is expressed by Equation [31]. 

For all values of | between the limits '/,l, < 1 < L, the value of 
P is equal to Ps as given in Equation [35]. 

The pressure diagrams for intermediate values of / are shown in 
dashed lines in Fig. 31. The corresponding maximum bar pres- 
sures DE and BD, are both equal to Ps as given in Equation [35]. 

For! = L the pressure diagram takes the shape of the triangle 
ABD, in Fig. 31 at the time P reaches its maximum value Ps. 

Partial Force Application for p <1. By using the same proce- 
dure as previously outlined, the pressure diagrams shown in Fig. 
32 are obtained. 

For values of | between the limits 0 < 1 < 1/2, the value of P is 
that given in Equation [31]. In this case, ] = 1/3, represents the 
length of the greatest part of the bar to which the external force 
may apply and still produce the maximum pressure ED which the 
force can possibly create, regardless of the length of the bar. 
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This pressure is equal to P; as given in Equation [35]. The corre- 
sponding pressure diagram is represented by the quadrangle 
ABCD, Fig. 32. 

In case of a uniformly applied force over the whole length of the 
bar, the maximum bar pressure D22, equal to '/,pfiL, is reached 
when the pressure propagation has reached the distance AF:, 
equal to '/2(1 + p)L, which values are found in Table 3 (Case 3, 
Period 2). The corresponding pressure diagram is represented 
by the triangle ABD, in Fig. 32. 

It will be seen from this equation that the value of P gradually 
increases from the value of P, as expressed by Equation [33] to 
the maximum value of P: as expressed by Equation [21] along the 
straight line DD, in Fig. 30 when the part /, to which the external 
force applies, increases from the value of l, as given by Equation 
[32] to lz as given by Equation [22]. 

Referring to Fig. 30, it will therefore be seen that the heavy 
full line ABD,D represents the maximum bar pressures that can 
be produced by an applied force of f; lb per ft of bar, regardless of 
the part of the bar to which it is applied. 

The shape of the pressure diagrams ABCD and ABD, are shown 
in full lines at the time the bar pressure reaches its maximum 
value for! = andl =1,. Diagrams for intermediate values of 
l are shown in dashed lines. They represent the shapes of the 
pressure diagrams when the external force is applied to the bar 
AB over intermediate distances at the time the maximum bar 
pressure is reached for each application. 

It is interesting to note that in case of partial force application 
over the length & of the bar, equal to AZ, in Fig. 32, and ex- 
pressed by the equation 


the bar pressure exceeds the value from Table 3 and amounts to 
Ps, where 


represented by the vertical D,Z, in Fig. 32. 
For values of | between the limits 1/2L < 1 <k, the maximum 
obtainable bar pressure 


and, for such values of /, the corresponding values of P are located 
on the inclined line DD, in Fig. 32. Pressure diagrams for such 
values of | are shown in dashed lines. For values of | between the 
limits k < 1 < L the corresponding values of P are located on the 
straight line BD, in the same figure. 

Partial Force Application in Different Directions. In the pre- 
ceding analysis of partial force application it was shown that if 
the external force is applied from A to B, beginning at A, and if 
the application of this force proceeds at a uniform rate in that 
direction, the maximum bar pressures possibly created, regardless 
of the length of the part of the bar to which the external force 
applies and of the propagation ratio, will always fall within the 
quadrangle ABC,M, shown in Fig. 33 in heavy full lines, pro- 
vided both ends of the bar are free. 

The maximum occurring coupler tensions will be confined 
within the quadrangle ABM,G; also shown in heavy full lines in 
Fig. 33. If the applied forces act from B to A the bar pressures 
will remain within the quadrangle ABM,G;, and the bar tension 
within the quadrangle ABC,Ms, both shown in dashed lines. It 
will be seen that regardless of the direction of the applied forces 
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and of the rate at which the application proceeds, the bar pres- 
sure or tension will, in case of a bar with both ends free, never 
exceed the value of '/2f,L. 

2 One End of BarIs Free, One End Fixed. Referring to Fig. 34, 
AB represents a perfectly elastic bar subjected to gradually and 
uniformly applied external longitudinal forces acting from A to 
B. They begin to apply at the end A and proceed toward the 
end B at a constant rate of application. These forces may apply 
over the whole length of the bar or over only a part of it. 

If the end A is free, while the end B is fixed, the analysis shows 
that the bar pressures may attain any value within the quadrangle 
ABD,G, and the bar tensions may attain any value within the 
triangle ABG,, in Fig. 34. If the external forces apply in the 
opposite direction, bar tensions will predominate and may as- 
sume any value within the quadrangle ABD,G;, while the bar 
pressures will be confined within the triangle ABG,. It is in- 
teresting to note that if one end of the bar is fixed, the maximum 
possibly occurring bar tensions and pressures are equal to 2f,L 
or four times greater than if both ends were free. 

3 Both Ends of the Bar Are Fixed. Referring to Fig. 35, it is 
assumed that both ends of the perfectly elastic bar AB are fixed. 


cod 


FIG 34 


FIG 35 


It is subjected to gradual and uniform external longitudinal 
forces which begin to apply at end A and proceed toward end B 
at a constant rate of application. They may apply over the 
whole length of the bar or only a part thereof. 

If the forces act from A to B, the maximum bar pressures will 
fall within the quadrangle ABF,E, and the maximum bar ten- 
sions within quadrangle ABE,H;. If the forces act in the op- 
posite direction, the maximum bar pressures will fall within the 
quadrangle ABE,H, and the maximum bar tensions within the 
quadrangle ABF;E;. In either case and regardless of the direc- 
tion of the forces, the bar pressures will always fall within the 
polygon ABF,E,H,; and the bar tensions within the polygon 
ABPF,E2H:. 

In the center of the bar the pressure or tension will never exceed 
1/, f,L or one-half that which may be attained in a bar with both 
ends free. The maximum occurring bar pressure or bar tension, 
which only occurs at the ends of the bar may attain the value 
fiL or twice that obtainable in a bar with both ends free. 


2 BRAKING AND STARTING OF A LONG TRAIN 
(A) Brakina or A BuNCHED TRAIN 


The brakes apply first on the first car and then the brake 
application proceeds from car to car through the length of the 
train. After the brakes have begun to retard the first car, the 
second car runs relatively faster for a certain time. The tempo- 
rary speed difference between the two cars is equalized by com- 
pression of the draft gears as the second car overtakes the first. 
This condition is repeated between the second and third cars, 
and so on throughout the train. 


Period of Increasing Coupler Pressure 


If in a long train which has no free slack, all the cars have the 
same weight, and all the draft gears offer a resistance proportional 
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TABLE 5 EQUATIONS FOR VALUES OF Pm,* max, Cmin, AND g 


Maximum coupler Maximum car 


Minimum safe draft- Gear travel g correspond- 


pressure retardation gear capacity ing to Cmin. 
ratio, p = V/Vi Pm Eq No. @max Eq No. Cmin Eq No. q Eq No. 
2p 3p —1 1 1 nF L,? 1 
1 2 nFI,? 
pol nF/2 [50] [53] [56] [59] 
F 1 1 nFL,? 1 
p< (nF /2)p (1) G+) (57) (60) 


to the amount of compression to which they are subjected, the 
train can be considered as a bar of uniform mass and elastic 
properties. The coupler forces and car retardations, which occur 
in such a train under the influence of external forces such as a 
progressive braking, can be computed from the formulas derived 
in Part 1 for a perfectly elastic bar, with both ends free. 

The formulas in Part 1 were derived under the assumption that 
the external forces acted on a bar at a standstill, accelerating its 
particles. In the case of braking of a long train, however, the 
external forces retard the moving cars. 

Instead of the symbols f;, L, and m, which are used in the vari- 
ous equations for elastic bars, it is convenient to use the corre- 
sponding symbols which express characteristics of a long train. 
These symbols are given in Equations [39] to [44], inclusive. 


[39] 
(40) 
[41] 

Ry = V(mk) = [44] 


k = stiffness constant 


The stiffness constant is the force required to stretch a bar 
twice its original length. 

The force required to stretch a car and its two draft gears the 
length 2q is equal to the ultimate reaction of the gears. Assum- 
ing a straight compression line, beginning at zero, the force 2C/q 
will stretch the car the amount 2q and the stiffness constant 


The pressure-propagation speed V can be expressed by sub- 
stituting in Equation [1] the value of k and m as given in Equa- 
tions [45] and [41], respectively. 


The value of the draft-gear travel q should include the strain 
of one coupler shank plus the strain in one-half the length of a cen- 
ter sill when subjected to the force P. The corresponding po- 
tential energy should be included in the value of the draft-gear 
capacity C, so as to take into account the combined elastic action 
of the car bodies and the draft gears. 

If solid steel blocks were used as connections between the 
couplers and the center sills of the car bodies, the whole train 
would act as a solid steel bar, and a retarding force acting on the 
first car would be transmitted through the whole length of the 
train at a speed of 16,800 fps. This speed is over 15 times as fast 
as the speed of sound in air, 1080 fps. The rate of brake applica- 


[46] 


tion on the other hand depends on the travel of air pressure from 
one car to another and therefore cannot under any circumstances 
exceed the speed of ‘sound. On the average freight train in the 
type-K brakes the rate of emergency brake application amounts 
to about 620 fps, but in trains with the new type-AB brakes, the 
rate of propagation of emergency application amounts to 960 
fps. The use of conventional draft gears decreases the pressure- 
transmission speed from 16,800 fps to values in the neighborhood 
of the rate of brake application of the average freight train. 

Applying the formulas given in Part 1 to brake action in a long 
train, it will be noted that the propagation ratio p is an important 
factor in determining coupler forces and car accelerations occur- 
ring in a long train. Substituting the value of V from Equation 
[46] in the propagation ratio p = V/V; 


[47] 
L Cc 
q = M [48] 


The substitution of Fn, the equivalent of f,L, Equation [40], 
in line 2 of Table 3, gives Equations [49], [50], and [51] for cases 
1, 2, and 3. The substitution of F/M, the equivalent of f/m, 
Equation [43], in line 8 of Table 3, gives Equations [52], [53], 
and [54] listed in Table 5. 

The minimum safe draft-gear capacity, always assuming a 
straight compression line, beginning at zero, can be expressed 


Cain = P. mq/ 2 


Substituting in this equation the value of P,, from Equations 
[49], [50], and [51] and the value of q from Equation [48], Equa- 
tions [55], [56], and [57] are obtained. These equations are 
listed in Table 5. The gear travel g corresponding to Cmin is ob- 
tained by the substitution of the value of Cin from Equations 
[55], [56], and [57] for C in Equation [48]. 

The maximum coupler pressure P,,, the maximum car retarda- 
tion @max, the minimum draft-gear capacity Cmin, and the cor- 
responding gear travel q are expressed by Equations [49] to [60], 
inclusive. The equation to use depends on whether the propaga- 
tion ratio is greater than, equal to, or smaller than unity. These 
equations, listed in Table 5, are based on the assumption that the 
draft gears are powerful enough to cushion elastically all occurring 
coupler forces. If the gears go solid during the passing of the 
pressure wave the latter will be disturbed and the coupler forces 
will increase about twice as fast as they would otherwise. 

Example. A freight train of 150 seventy-ton cars is subjected 
to emergency braking from the front end of the train. Other 
conditions of the problem are as follows: 


Weight of car, 
Weight of car, loaded............... 210,000 Ib 
Length between coupler faces........ 
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Coefficient of friction................ 25 per cent 
‘ 0.25 X 30,000 Ib 
Rate of emergency brake application. 930 fps 


From the conditions of the problem it is observed that n = 150, 
F = 7500 lb, Vi = 930 fps, ZL; = 50 ft, M = 1550 for empty cars, 
and M = 6500 for loaded cars. 

The values of P,,, @max, Cmin, and g can be computed for vari- 
ous propagation ratios for empty and loaded cars from Equa- 
tions [49] to [60], inclusive. Sets of values of these quantities, 
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corresponding to various values of p, can be plotted against any 
one of them as the independent variable. 

Using the length of travel as the independent variable, the 
curves for the empty train have been plotted in Fig. 36 and those 
for the fully loaded train in Fig. 37. Fig. 38 is a composite dia- 
gram made up from Figs. 36 and 37 and also shows the maximum 
values P,,, Gmax, Cmin, and g for intermediate or partial train 
loadings. 

Fig. 36 shows that if the gears shall not go solid during emer- 
gency braking of the 150 empty cars, the gear capacity and the 
gear reaction must not fall below certain minimum limits repre- 
sented by the curves. The gear-capacity curve shows that the 
minimum required gear capacity increases with increasing gear 
travel, practically along a straight line beginning at zero up to a 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


capacity of about 147,000 ft-lb. A draft gear must have this 
capacity if its travel is 65/¢ in. and it shall not go solid during 
emergency braking of the empty train. A travel increase above 
65/16 in. does not cause any further increase of the minimum gear 
capacity. 

If, however, the gear capacity is limited to, say, 30,000 ft-lb, 
corresponding to a gear travel of 17/,. in., a longer gear travel will 
cause the gears to go solid during an emergency brake applica- 
tion of an empty train of 150 cars. A gear of the standard AAR 
travel of 25/s in. would, according to Fig. 35, need a capacity of 
60,000 ft-lb to prevent it from going solid in such service. 

The gear-reaction curve in Fig. 35 shows that the gear reactions 
increase very rapidly with increasing gear travel, reaching a value 
of about 540,000 lb at the standard AAR travel of 25/s in. and its 
maximum value of 562,500 lb at the gear travel of 65/1, in. Be- 
yond this travel the maximum occurring gear reaction decreases 
rapidly. The maximum value of the gear reaction is obtained 
when the value of p in either one of Equations [49] or [51] is 
equal to unity. In that case they both take the form of Equation 
[50], Pm = nF/2. The value of P, in this equation depends 
only on the number of cars n and the retarding force acting on 
each car. This gear reaction is the same for empty, partially 
loaded, and fully loaded cars and is equal to one-half the retard- 
ing force of the whole train or 562,500 lb. In order to cushion 
this force a draft gear should have an ultimate yielding resistance 
which would exceed this figure. 

However, it is permissible to reduce this figure by an amount 
about equal to the initial resistance of the gear. Up to the 
amount of this latter resistance the gear has a very high spring 
constant and the corresponding force will be transmitted through 
the train theoretically at the same speed as through a solid steel 
bar, or at about 17,000 fps. The effect on the coupler pressures 
is assumed to be somewhat similar to that when only a part of the 
full air pressure is admitted to the brake cylinders for a short 
period, as is done in the new type-AB brake. A coupler force 
about equal to the amount of the initial gear compression will 
very rapidly equalize part of the speed difference of the front and 
rear cars and the final coupler pressure will decrease a correspond- 
ing amount. A gear of 100,000-lb initial and 500,000-Ib ultimate 
reaction will thus be approximately equivalent to a gear with no 
initial and 600,000-Ib final reaction. It will be superior in the 
respect that it keeps the maximum coupler pressure lower. 

The car-retardation curve in Fig. 36 shows that the maximum 
car retardation during an emergency brake application of an 
empty train will gradually increase with increasing gear travel, at 
first slowly, reaching the comparatively harmless value of about 
11 ft per sec per sec at the standard AAR gear travel of 25/s in., 
then faster and faster until it reaches a theoretically infinite value 
at a gear travel of 65/1. in. In practice this value will be limited 
to the retardation produced by the maximum gear reaction of 
562,500 lb acting on the mass of one empty car, weighing 50,000 
lb (corresponding to a mass of 1550). This retardation amounts 
to 562,500/1550 = 363 ft per sec per sec, or more than ten times 
gravity, which of course is very high. 

Fig. 37 shows the corresponding curves for fully loaded cars. 
The minimum required gear capacity increases practically pro- 
portionally to the gear travel until the latter reaches the critical 
value of 1'/; in. after which the gear capacity remains constant 
at the value of about 35,000 ft-lb. At a gear travel of 1.2 in. 
the required gear capacity amounts to about 28,000 ft-lb. At 
the standard AAR gear travel of 25/s in. the required gear ca- 
pacity amounts of course to the previously given value of about 
35,000 ft-lb. The curve showing the gear reaction is similar to 
that for empty cars, but reaches the same maximum of 562,500 
lb at a gear travel of only 1'/; in. For longer gear travels, the 
gear reaction decreases rapidly as shown by the curve. 
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Fig. 37 shows that the maximum occurring car retardation for 
loaded cars increases at first slowly with increasing gear travel 
but rises rapidly as the gear travel approaches 1!/, in. at which 
point the retardation is equal to the maximum gear reaction of 
562,500 lb acting on the mass of the fully-loaded car or 562,500/ 
6500 = 86.5 ft per see per sec, which retardation is nearly three 
times the acceleration of gravity and undesirably high. 

Fig. 38 shows the superimposed curves of Figs. 36 and 37. 
The inclined line, representing the minimum gear capacity for 
intermediate loads, shows that for every gear travel between 
1'/2 in. and 65/\. in. there is a partial loading at which the mini- 
mum required gear capacity will reach the values indicated by the 
inclined line. For the standard AAR gear travel of 25/s in., the 
required minimum gear capacity will, for about 43 per cent partial 
loading, amount to about 60,000 ft-lb. 

The maximum gear reaction for intermediate loads, repre- 
sented in Fig. 38 by the horizontal line at the load of 562,500 lb, 
shows that for every gear travel between 1!/2 in. and 65/j in. 
there is some partial-loading condition at which this reaction 
will be reached. 

The maximum car retardation for intermediate loads is repre- 
sented in Fig. 38 by an inclined line marked accordingly and 
extending from the value of 86.5 for fully loaded cars at 11/2 in. 
gear travel to the value of 363 ft per sec per sec for empty cars 
at a gear travel of 65/:, in. It will be noted that the maximum 
car retardation increases in direct proportion to the gear travel 
between the previously given values of the latter. Below the 
gear travel of 1'/; in. the maximum car retardation drops rapidly. 

For the standard AAR gear travel of 25/, in. and assuming that 
the proper gear capacity of 60,000 ft-lb were available, the maxi- 
mum car acceleration would, for about 43 per cent partial load- 
ing, reach the value of 150 ft per see per see which approaches 
five times the acceleration of gravity and is undoubtedly high, 
even though it would act only for a very short time. 


Special Cases of Braking of a Bunched Train 


The formulas in Table 5 are based on the action of an elastic 
bar with both ends free. They apply to trains with fairly uni- 
formly distributed loads and with brakes gradually applying to 
all cars of the train. The greatest possibly occurring coupler 
pressure in such trains is expressed by Equation [50]. 

(a) Partial Brake Application. With the type-K air brake, the 
one in general use on American railroads, the brakes apply only to 
the first 70 or 80 cars, or to about the first half of a long train of 
150 cars. The question whether under such partial brake appli- 
cation greater coupler pressures will be produced because of the 
running in of the unretarded rear end of the train is answered by 
the previously presented investigation of partial force applica- 
tions to elastic bars. It is shown that while the maximum oc- 
curring coupler pressure may be displaced to any point within the 
rear half of the train, its magnitude will not increase above the 
value given by Equation [50] as long as the wave resistance of the 
train is uniform. 

(b) Uneven Load Distribution. If a group of fully loaded cars 
is placed at the rear end of a long train of empties and emer- 
gency braking is applied from the front end of the train, the 
coupler pressures will materially increase at the rear end, causing 
the draft gears to go solid. The wave resistance of this train may 
reach such high values that the pressure distribution will approach 
that represented by Case 2A, line 2, in Table 3. In that case 
the coupler pressure increases to four times that given by Equa- 
tion [50]. The subsequently produced coupler tensions will not 
be increased above those occurring in case of uniform load dis- 
tribution, as shown in Table 3, line 5. 

If the group of loaded cars were placed at the front end of the 
train, the condition represented by Case 2B would be approached 
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and no increase in the coupler pressures would be produced. 
The subsequently produced coupler tensions would, however, 
according to Table 3, line 5, be four times as large as in the case of 
uniform load distribution, if the draft gears had 100 per cent 
recoil. 

If the group of fully loaded cars were evenly divided between 
the front and rear ends of the long train of empty cars, the worst 
conditions would be represented by Case 2C and the maximum 
occurring coupler pressures and tensions might, according to lines 
2 and 5 of Table 3, approach twice those in case of uniform load 
distribution. 

These considerations illustrate the importance of a fairly uni- 
form distribution of the load of a train over its whole length and 
indicate that load concentrations toward the ends of the train are 
particularly undesirable. 


(B) BRAKING OF A STRETCHED TRAIN (WITH FREE SLACK) 


The free slack between coupled cars is measured by the amount 
of relative car movement which is obtainable with no change in 
the position of the various elements which make up the cushioning 
device. 

All new cars, irrespective of draft-gear design, are subject to 
about the same amount of free slack when standard coupler 
specifications are followed. On such cars the free slack is about 
7/s in. per car, but it increases as a result of wear in service and 
permanent deformation of couplers, attachment, and draft gears. 

When the free slack of a train is taken up under the influence 
of a brake application, the occurring impacts will close the draft 
gears to a certain extent, thus producing an additional approach 
between impacting cars, which is called the controlled slack. 
The total slack of a train consists thus of the free and the con- 
trolled slack. 

If all the slack is controlled, the train is bunched and the 
preceding analysis applies to the brake action on such a train. 

In case the cars are separated by a certain amount of free 
slack, the principle of the elastic bar should be applied with the 
understanding that the take-up of the slack will produce car im- 
pacts, not expressed in the preceding equations for coupler pres- 
sures. 

Because of the time interval between the application of the 
brakes on adjacent cars, the front cars will first begin to retard 
and the free slack between the cars will gradually be taken up, 
beginning at the front end of the train. If a train has free slack it 
will, when subjected to braking from the front end, begin to 
bunch at that end. The rear end of the bunched portion will al- 
ways be free and any coupler pressure which reaches the cars at 
this point will be reflected, changing its sign. The coupler forces 
actually generated in the bunched portion of the train will be 
smaller than in a train without free slack, where the coupler forces 
continually increase even after the wave reaches the free rear end 
of the train. If the free slack is too great the impact between the 
bunched portion of the train and the individual cars, separated 
by free slack, may however become so violent as to cause momen- 
tary excessive coupler pressures. 

It will be assumed in the following that each car which impacts 
the bunched part assumes the speed of the latter, without re- 
bound. 

Referring to Fig. 39, the circles 1 to 12, inclusive, denote rail- 
way cars, counted from the front end of a moving train, which 
cars are separated by supposedly equal amounts of free slack s; 
per car. The braking forces of F lb per car gradually applied to 
these cars, beginning at the first car and progressing in the 
direction of the rising numbers, retard the originally uniform 
movement of the cars. The horizontal or z-axis represents the 
time, counted from the application of the brakes to the first car. 
The vertical or y-axis represents the train slack. The tangent 


= 
— 
47 
A} 
he: 
3 


330 


of the angle which the straight line OA forms with the z-axis is a 
measure of the brake-propagation speed V;._ The length of the 
horizontal dashed line between the car number on the vertical 
axis and the straight line OA represents the delay of brake ap- 
plication to the individual car after the brakes have been applied 
to the first car. 

When the braking force F is applied to the first car of a long 
train moving at a uniform speed it will subject the car to a re- 
tardation a. The movement of the retarded car in relation to the 
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as yet unretarded part of the train is represented by the curve 
OD in Fig. 39 and may be expressed by the equation 


(62) 


representing a parabola with its apex in the point O. 
The speed lost by the car is expressed by the derivation 


dy 


After the time t, or the interval between the applications of the 
brake to adjacent cars, the first car will have suffered the loss of 
speed at;. From then on both cars will be retarded at the same 
rate a and will impact at the relative speed 


This impact speed is independent of the amount of slack be- 
tween the cars, provided the slack is sufficient to allow the braking 
force to apply to the second car before the latter is struck by the 
first car. 

As the draft gears are assumed to have a liberal amount of ab- 
sorption, any impact of one car with a string of several cars will 
cause them all to take the same speed and they will move on to- 
gether in a bunched group. The speed of this group will at any 
time be represented by the slope of the curved line ODEFA in 
Fig. 39. This group of retarded cars strikes the also retarded in- 
dividual ears in points D, E, and F until the curve reaches its 
point of intersection with the inclined line OA at A, at which 
point the take-up of the slack catches up with, and passes be- 
yond, the brake application. Beyond that point the group of 
retarded cars will strike only unretarded ones. The coordinates 
of the point A are z; and y;. The nature of the curve changes at 
this point and the part ODEFA for which x < 2, and the part 
beyond the point A for which z > 2 will therefore be analyzed 
separately. 

(a) x < a. Consider first the part of the braking action 
represented by the curve ODEFA, or before the slack take-up has 
reached the point of brake application. At any time x during 
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this period, the group of retarded cars will have a total mass of 
M(z2/t:) and since they have been retarded during the time x by 
an average force of 1/:F.x/t, their average loss in speed c, can be 
computed from the momentum equation 


= 
ty 


Therefore, for all values of x < x, 


The brakes apply to car number (x/t; + 1) at the time z, and it 
begins to retard. Before this car collides with the others, the 
latter have formed a group moving in unison, and the retardation 
of all braked cars is uniform. Therefore, the collision takes 
place at the impact speed c, given in Equation [65]. 

At all times the braked cars have suffered an average loss of 
speed of c,. The corresponding loss in travel of all braked cars 
during any time element would therefore be equal to the number 
of cars braked during time element times their average loss in 
speed c, times the duration of the time interval. 

Let Y = loss in travel of all braked cars at the time z. Then 


or after integration 


Y = zx’ + constant 


6Mt 
The integration constant is 0 since for z = 0, Y must also be equal 
to zero. Therefore 
F 
6Mu (66} 


The coordinates 2, y, of the point A should satisfy Equation 
[66] and also be located on line OA, Fig. 39. For this point 
therefore 


F 8 
Y = end = = — 
Y can also be expressed as 
2 


2 8) 28; 


From the preceding three equations z; and y, may be determined. 
Accordingly 


Ms; 3Ms3;?2 
Ft 


= 
The number n; of the car at which point A is located may be 
computed as 


3M: 81 
Ft,? 


[68] 
81 

(b) x >a. Beyond the point A in Fig. 39, the coordinates 

of which are x; and y;, the group of retarded cars will strike only 

unretarded cars. Assume that the point A has been passed and 

that the bunched group, consisting of cars 1 to 10 inclusive, is 

moving along the line GH striking the, as yet, unretarded car 11 
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at the point H on the curve z, y. The equation for the curve z, y 
beyond the point A can be determined as follows: 

The loss in momentum of the bunched cars at the time z can be 
expressed either as the product of the mass of the group of cars by 
their loss in speed, or as the product of the average retarding 
force by the time during which it has been acting. Hence 


which becomes, after integration 


F 3; x 
yu — — 3 + constant 


By substituting in this equation, the values of 2 and y; from 
Equation [67], the integration constant is found to be zero. 
Therefore 
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Substituting the value of z from Equation [70] in Equation [69] 
and solving for dy/dz 


dy 9 Fsyy 
(2 Mn, ) (71] 
For the car number n the value of y = (n — 1)s; and therefore 
3 
9 Fs,? (n—1) 
C, = Cmax (2 Ma, ) [72] 


or if L,/V, is substituted for t, in Equation [72] and it is solved 
for 8; 


\(; FVi(n — 1) 


If the slack s; per car is known, the corresponding maximum car 
impact speed for a train of a certain number of cars of known 
mass can be computed by using Equation [72]. If the permis- 
sible car impact speed is known, the maximum permissible 
slack can be computed from Equation [73]. 

Example. Assuming a draft-gear recoil of not over 50 per cent, 
it is required to determine the impact speeds between adjacent 
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cars in a 150-car train, each car weighing 50,000 lb empty and 
210,000 Ib loaded, and having an average of 4 in. of slack be- 
tween adjacent cars. It is given that the emergency braking 
rate is 7500 lb and that it is applied at the front end of the train 
at a propagation speed of 600 fps. The length of cars between 
pulling faces of the couplers is 50 ft. 

From the preceding discussion it is found that M = 1550 for 
empty cars and 6550 for loaded cars, L = 50 ft, F = 7500 lb per 
car, V; = 600 fps, t; = 0.0833 sec, s: = 0.333 ft, and F/M = 4.84 
for empty cars and 1.154 for loaded cars. 

Referring to Fig. 39, the coordinates x, and y; for point A are 
given by Equation [67]. The value of 2; = 2.48 sec for empty 
cars and 10.4 sec for loaded cars. According to Equation [68], 
n, = 31 for empty cars and 126 for loaded cars. 

The corresponding value of the impact speed is computed from 
Equation [65] for all values of z <2. For 2 = 2, the impact 
speed cz = (F/2M)z, = 6 fps for loaded as well as for empty cars. 
The impact speed gradually increases from zero to this value, 
which is reached at car 7. 

For values of + > 2), the impact speed is given by Equation 
[71] which shows that cz is a parabolic curve, the maximum value 
of which is expressed by Equation [72]. Therefore, forn = 150 


Cmax = 1.938 ¥/(n — 1) = 10.3 fps for empty cars, and 
Cmax = 1.200 V/(n — 1) = 6.38 fps for loaded cars. 


The values of cmax for all values of n up to 150 are plotted for 
empty and loaded cars in Fig. 40. 


(C) SvarTING oF A STRETCHED TRAIN 


The action of a locomotive in starting a stretched train corre- 
sponds to that of a constant pulling force P, acting at the end of 
an elastic bar. The frictional resistance, opposing the motion of 
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each car, corresponds to a gradually applied and uniformly 
distributed force, acting in the direction opposite to the motion 
and applying to each car at the moment the car begins to move. 
The rate of force application is therefore equal to that of pressure 
transmission, and the propagation ratio of the frictional force 
is equal to unity. The action of these forces is represented by 
Case 2, as given in Table 3. 

Referring to Fig. 41, the pressure diagram created by the loco- 
motive drawbar pull P, would, acting alone and after passing 
through the intermediate shapes A B’D,’C and AB" D,"C, take the 
shape of the rectangle ABD,C. The pressure diagram created 
by the friction forces, acting alone, would, after passing through 
the intermediate shapes AB’B,’ and AB"B,", take the shape of 
the triangle ABB,. Superimposing these two diagrams, the 
resultant diagram, after passing through the intermediate shapes 
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AB'D’'C and AB"D"C, takes the shape of the quadrangle ABDC 
at the end of the first period. 

Referring to Fig. 41A, the speed diagram created by the draw- 
bar pull P,, acting alone, would, after passing through the inter- 
mediate shapes AB’D,'C and AB"D,"C, take the shape of the 
rectangle ABD,C. The speed diagram created by the friction 
forces, would, after passing through the intermediate shapes 
AB’B,'A,’ and AB"B,"A,", take the shape of the rectangle 
ABB,A,. Superimposing these two diagrams, the resulting 
speed diagram would, after passing through the intermediate 
shapes AB'D’E’ and AB"D"E", take the shape of the rectangle 
ABDE at the end of the first period. 

If the locomotive drawbar pull P;, were acting alone, the pres- 
sure diagram, Fig. 42 (a reproduction of the pressure diagram in 
Fig. 41), would, at the beginning of the second period, have the 
shape of the rectangle ABD,C and would, after passing through 
the intermediate shapes AB"D,"C and AB’D,'C, vanish in the 
vertical AC at the end of the period. 

If the frictional forces were acting alone, the pressure diagram 
ABB, would, after passing through the intermediate shapes 
BF"B,"A and BF’B,'A, take the shape of the triangle ABF at the 
end of the second period. Superimposing these diagrams, the 
resultant pressure diagram will, after passing through the inter- 
mediate shapes ABF"D"C and ABF’'D’C, take the shape of the 
triangle ABF, in which BF is parallel with A B,. 

Referring to Fig. 42A, the speed diagram which would have 
been created by the locomotive drawbar pull Pz acting alone, 
and which at the end of the first period was represented by the 
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rectangle ABD,C taken from Fig. 41A, would, after passing 
through intermediate shapes ABD.D,"D,"C and ABD,D,'D,'C, 
take the shape of the rectangle ABD.D; at the end of the sec- 
ond period, CD; being equal to AC. The frictional forces, acting 
alone, would, at the beginning of the second period, have created 
the speed diagram AA,B,B taken from Fig. 41A. This diagram, 
after passing through the intermediate shapes ABF,"F"B,"F,” 
and ABF,’F’B,'F,', would, at the end of the second period, have 
taken the shape of the rectangle ABF,F. Superimposing the 
speed diagrams created by the drawbar pull and the frictional 
forces, it will be seen that the resultant speed diagram, which at 
the beginning of the second period had the form ABDE, takes the 
shape of the rectangle ABG,G at the end of the second period 
after passing through the intermediate shapes ABG,"G@"F,"F," 
and ABD,D, 'F,'F,!. 

During the third period the pressure diagram shown in Fig. 43 
will, after passing back through the intermediate shapes ABF’D’C 
and ABF"D’C, again take the shape of the quadrangle ABDC. 
Period 4 will be the same as Period 2, Period 5 the same as Period 
3, and so on. 

Referring to Fig. 483A, the speed diagram which would have 
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been created by the locomotive drawbar pull acting alone had, at 
the beginning of the third period, the shape of the rectangle 
ABD,K,. After passing through the intermediate shapes 
and this diagram would have 
taken the shape of the rectangle ABD;D, at the end of the third 
period, D.D; being equal to AC in Fig. 42A. 

The rectangle ABF,F in Fig. 43A which has been taken from 
Fig. 42A, represents the speed diagram which, at the end of the 
second period, would have been created by the frictional forces, 
acting alone. These forces would, during the third period and 
still acting alone, produce the speed diagrams ABF;'G2'H,'F,’ 
and ABF3;"G,"H,"F,", followed by the rectangular shaped dia- 
gram ABGF, at the end of the third period. Superimposing 
the speed diagrams in Fig. 43A, which would have been created 
by the drawbar pull and the frictional forces, the resultant speed 
diagram, which at the beginning of the third period had the shape 
ABG,G, taken from Fig. 424, will take the shape of the rectangle 
ABLK at the end of the third period after passing through the 
intermediate shapes ABF,’G;'H,'K' and ABF;"G;"H,"K". 

Referring to Fig. 42, AC represents the drawbar pull P, of the 
locomotive. The vertical BB, is, according to Table 3, Case 2, for 
an elastic bar, equal to '/2f,L. By substituting the correspond- 
ing constants for a train of n cars, each car being subjected to a 
frictional resistance of fe lb, it is found that this force is equal to 
1/.fn. The other forces in the diagram can be computed from the 
geometrical relationship to these two quantities. The force BD, 
acting at the end B of the bar, at the end of the first period, can 
therefore be expressed as 


Referring to Fig. 41A, the wave resistance of the train should 
be known in order to compute the car speed corresponding to the 
pressures in the preceding paragraph. Then the car speed AC in 
Fig. 41A can, according to Equation [2], be expressed as 


= f/\/(mk) = P,/R, = [75] 


The starting speed of the last car, represented by the vertical 
BD in Fig. 41A, can be expressed as 


= — = 


— '/2fm). . [76] 

The other forces and speeds in all these diagrams can be com- 
puted from their geometrical relationship to those given in the 
preceding equations. 

Example. <A locomotive, exerting a drawbar pull Px of 80,000 
lb is hauling a train of 150 cars which weigh 50,000 lb empty and 
210,000 lb loaded. The frictional resistance equals 18 Ib per ton. 
Therefore, fe = 450 lb for an empty car and 1890 lb for a loaded 
car. The draft-gear travel is 0.22 ft, and the draft-gear capacity 
is 18,000 ft-lb. 

It is desired to know the speed which the train has acquired 
at the time the tension and speed waves reach the end of the train 
and also the force which starts the last car. 

The mass M of an empty car = 1550 lb, while for a loaded 
car M = 6500. The wave resistance of the train R, = 
(18,000 1550) 

0.22 

+/ (18,000 6500) 
0.22 


= 24,000 lb per ft per sec for an empty train 


and = 49,150 Ib per ft per sec for a loaded 


train. 

The pull starting the last car, represented by the vertical BD in 
Fig. 42, is, according to Equation [74], (P, — /2fen) = 80,000 — 
1/, X 450 XK 150 = 46,250 lb for a train of empty cars. For 
a train of loaded cars (P, — }/2fn) = 80,000 — '/2 X 1890 X 
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150 = —62,000 lb, the negative value showing that the drawbar 
pull of 80,000 Ib is insufficient to start the stretched loaded train. 

The train speed acquired at the time the tension wave reaches 
the last car of the empty train isc, = (1/R,)(P, — '/2fen) = 
46,250/24,000 = 1.93 fps. 


(D) Srartine or A Buncuep Train (With FREE SLAck) 


The method used in analyzing the braking of a train with free 
slack can also be applied to this problem. 

Any train with draft gears of low or moderate recoil will form 
a group of all started cars, and the latter will be assumed to move 
as a unit as they pick up, one by one, the cars which are standing 
still. The work performed by the locomotive as measured at the 
drawbar is, during the starting period of the train, mainly used 
(1) to accelerate the cars from a standstill, and (2) to overcome 
the frictional resistance of the cars during this period. 

Assume that the first (xn — 1) cars have attained a uniform 
speed c, at the time the last car is suddenly brought up to this 
speed from a standstill. The draft gears between the last two 
cars will in that case be subjected to an impact not exceeding 
that of a car moving at the speed c, and suddenly stopped against 
a bumping post, the impact being taken up by two series-con- 
nected gears. 

Therefore, the speed c, can with fair accuracy be determined 
from the equation 


(n — 1)M (n — 1)n 


2 2 
Solving this equation for c, 
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The minimum capacity of the draft gear Cmin which will take 
up the impact of a car with a speed of ca, two gears being con- 
nected in series, is expressed by the equation 


PL sn = 


= 


M 
Cn? + fos 
2 
8) n n—2 
Cmin == P,— fe——_]...... 7 
or 2 (. ae L fe 2 ) [79] 


Example. Assume that the train in the preceding example 
had a total slack of 100 ft distributed over the 150 cars, or s; = 
0.667 ft. The speed at which the stretched train would pick up 
the last car, expressed by Equation [78], is 


— 2 x 30,000 x 1” 150 X 450 
1550 149 


= 6.35 fps for the train of empty cars. 


For loaded cars, this formula gives a negative value, indicating 
that the locomotive is not powerful enough to start such a train, 
regardless of the amount of free slack. In practice an increase in 
slack will decrease the frictional resistance of the cars and thus 
facilitate starting. 

The minimum draft-gear capacity required to prevent the gears 
from going solid when starting the empty train with 100 ft of 
slack is, according to Equation [79] 


Cmin 


0.667 (2 148 
150 


2 — X 80,000 — 450 x 1) = 15,700 ft-lb 
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NOMENCLATURE 


acceleration or retardation of particles of an 
elastic bar, ft per sec per sec 
= acceleration or retardation of cars in a long 
| train in ft per sec per sec 
C = capacity of one draft gear (plus that of one- 
half car body), ft-lb 
= speed, or loss of speed, of particles in an elas- 


a, Qi, Az, A3, As 


tic bar, fps 
C, C1, C2, €’,C,, C, ) = speed or loss of speed of cars in a long train, 
fps 
\ = relative impact speed between cars, fps 
F = retarding force per car during emergency 


braking, Ib 
f = external force applied to an elastic bar, lb 
f’, f = longitudinal compression or tension occurring 
in an elastie bar 
fi = external force applied per foot of an elastic 
bar, lb 
= pressure transmitted in an elastic bar after a 
change in wave resistance, lb 
fo = average frictional resistance per car during 
the starting of a long train, lb 
= stiffness constant or modulus of elasticity of 
the material of an elastic bar in lb per sq in. 
| multiplied by its cross-sectional area, lb 
= (L,/q*)C = stiffness constant of a long train, 
| corresponding to that of an elastic bar and 
| thus equal to the force required to stretch it 
twice its length, Ib 
L = length of an elastic bar, ft 
L, = length of one car between pulling faces of 
couplers, ft 
= distance from the front end of an elastic bar 
1 at which the pressure P occurs, ft 
| = the length to which a uniformly distributed 
external force applies, ft 
distance from the front end of an elastic bar 
at which the pressure P; occurs, ft (Case 1, 
Period 1) 

l, = distance from the front end of an elastie bar 
at which the pressure P: occurs, ft (Case 1, 
Period 2) 

ls = distance from the front end of an elastic bar 
at which the pressure P; occurs, ft (Case 1, 
Period 3) 

l, = length of the greatest part of an elastic bar to 
which a uniformly distributed external force 
may apply and still produce the maximum 
pressure which the force, acting over the 
length J, can possibly create, regardless of the 
length of the bar, ft 

ls = distance from front end of an elastic bar, at 
which the pressure Ps occurs, ft (Case 3, 
Period 2) 

M = mass per car 
m, m, = mass per ft length of an elastic bar, or mass 
per ft length of a long train (= M/LZ,) 

nm = number of cars in train | 

nm, = number of cars from front of train at which 
the slack take-up reaches and passes beyond 
the brake application 


=~“ 
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longitudinal compression or tension in an 
elastic bar, lb 

coupler pressure or tension in a long train, lb 
maximum occurring internal bar pressure at 
end of Case 1, Period 1, Ib 

maximum occurring internal bar pressure at 
end of Case 1, Period 2, Ib 

maximum occurring internal bar pressure at 
end of Case 1, Period 3, lb 

maximum internal bar pressure produced 
by external forces, applied over part l of 
the bar (for p > 1), lb 

maximum obtainable internal bar pressure 
with uniformly applied external forces in 
bar with both ends free, lb 

maximum internal bar pressure at end of 
Case 3, Period 2, lb 

maximum internal pressure iu an elastic 
bar, lb 

drawbar-pull of a locomotive, Ib 

propagation ratio = V/V, 

momentum of moving particles of a bar 


q = travel of a draft gear plus compression of one- 
half of the car body, ft 


wave resistance of a bar, lb per ft per sec 
wave resistance of a long train, lb per ft per 
sec 

(mk:)/+/ (mk) ratio of the wave resistances 
of two parts of an elastic bar 

average slack per car, ft 

time intervals, sec 

speed of pressure transmission in elastic bars, 
ft per sec, or 

speed of pressure transmission in long trains, 
ft per sec 

rate of external force application in an elas- 
tie bar, ft per sec 

rate of brake application in a long train, ft 
per sec 

time elapsed since brakes applied on car 1, sec 
value of z when brakes apply on car m, sec 
loss in travel of all braked cars at time 2, ft 
slack take-up at the time a, ft 

value of y when brakes apply on car n; 
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Locomotive Tractive Effort in Relation 
to Speed and Steam Supply 


By E. G. YOUNG,! URBANA, ILL., anv C. P. PEI,? CHAMPAIGN, ILL. 


The problem of estimating with reasonable accuracy 
the amount of tractive force exerted by a locomotive at 
running speeds enters every tonnage rating, economy 
study, and locomotive-operating investigation. Its im- 
portance is recognized, and many investigators have ap- 
proached a rational solution by determining the hourly 
steam supply and the steam consumption per horsepower- 
hour, and from these the horsepower and tractive force. 
The steam rates assumed have been generally correlated 
with the speed only. Indirectly this requires the defining 
of the resulting speed-tractive-effort relation as “‘maxi- 
mum tractive effort,’’ “all-day tractive effort,’’ or similar 
terms. This paper points out that the variation of the 
steam rate with the cut-off is of equal importance, but 
that a chart showing the variation of steam rate with the 
two factors, speed and cut-off cannot be used directly to 
obtain horsepower without an additional process. A 


HE current interest in the performance and economy of 

the steam locomotive has focused attention on the old 

problem of the relation between speed and tractive effort, 
and has resulted in some very interesting and important con- 
tributions to its clarification. In previous discussions of the 
problem, two general forms of solution have been offered, of 
which one may be considered as purely empirical, and the other 
semi-rational. 

The empirical solution is found in the various forms of speed- 
factor tables or curves. These, in general, express the tractive 
effort available at any speed in terms of a fraction of the rated 
tractive effort; such tables or curves are obtained by taking the 
averages of the test data for a number of locomotives, either 
singly or arranged in groups. These averages are valid, as a 
means of generalization, only when (1) the conditions of the 
tests are similar and rigorously defined, and (2) the average 
results are derived from tests of similar locomotives. 

It follows that this generalization is only valid as a means of 
predicting the performance of another locomotive when the 
conditions under which it is to be operated correspond with the 

1 Research Professor, University of Illinois. Mem. A.S.M.E. 
Mr. Young was graduated from the University of Illinois in 1913, 
and received his M.S. degree in 1916 and M.E. degree in 1923. 
Previous to his present connection he held positions with the Ameri- 
can Locomotive Company and the Chinese Government Railways. 

2? Engineer, New York Air Brake Company, Watertown, N. Y. 
Mem. A.S.M.E. Mr. Pei was graduated with the B.S. degree from 
Tangshan Engineering College, China, in 1921. In 1923 he received 
the M.S. degree and in 1932 the M.E. (Professional) degree from 
the University of Illinois. He was formerly associated with the 
mechanical departments of the Nickel Plate Railroad, the Chicago, 
Milwaukee, St. Paul & Pacific Railroad, and the Northern Pacific 
Railroad. 

Contributed by the Railroad Division and presented at the Annual 
Meeting, New York, N. Y., December 3 to 7, 1934, of THz AMERICAN 
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Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1935, for publication at a later date. 
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more direct attack is made by (a) estimating the actual 
weight of steam used per revolution in cylinders of various 
sizes, with varying speeds, cut-offs, and working pressure; 
and (b) by correlating the speed, cut-off, and mean effective 
pressure, from which the tractive force corresponding to 
the cylinder horsepower is directly calculated. Each 
relation calculated gives the four values of speed, tractive 
effort, cut-off, and steam consumption for a given operat- 
ing condition, and the calculation of a number of selected 
points results in a chart presenting a set of curves showing 
the tractive effort which may be expected at various speeds 
for specified conditions of boiler output and cut-off. This 
type of chart permits the user to see the economy to be 
expected at any condition within the probable working 
range of the locomotive and to determine the validity of 
any single speed-pull curve, involving a specified program 
of cut-off and boiler output for each speed. 


test conditions from which the average relation between speed 
and tractive effort was obtained. So far as the authors know, 
no such restrictions have ever been placed upon the use of any 
speed-factor method. In general, the relation is developed as 
one between the tractive effort and speed only, ignoring other 
factors that affect the tractive-effort development. 

The type of solution that has been termed semi-rational usually 
proceeds on the basis of determining a horsepower output by 
dividing an estimated boiler evaporation by an anticipated 
steam rate or water rate, and then calculating the tractive effort 
from its relation to the horsepower and speed. An assumed 
firing rate, or boiler output, or tractive effort at a given speed 
may be the starting point from which the other quantities are 
determined. This method is desirable from the standpoint of 
simplicity, but the use of an anticipated water rate is an ex- 
tremely indirect process and a very complicated one if the varia- 
tion of the water rate with both the speed and cut-off, a funda- 
mental fact of locomotive performance, is taken into account. 
Most of the semi-rational processes have made the water rate 
vary with the speed only. 

In most of the methods of estimating tractive effort, either 
empirical or semi-rational, the final relation between the tractive 
effort and speed is represented by a speed-pull curve. This 
representation of tractive effort by a single speed-pull curve 
implies that, at a given speed, the locomotive can be operated 
to exert the amount of tractive effort corresponding to that 
speed as defined by the speed-pull relation, and conversely, for 
a given amount of tractive effort developed, the locomotive can 
attain a speed corresponding to that tractive effort. A further 
implication is that there is only one tractive effort obtainable 
at a given speed, and only one speed attainable at a given tractive 
effort. The absurdity of the latter assumption is clearly in- 
dicated in some of the recent investigations attempting to define 
the tractive effort as maximum tractive effort, performance 
tractive effort, or average tractive effort. These arbitrary de- 
finitions are, at the best, merely expedients of expression but 
do not possess significant meanings. The reasons are quite 
apparent: For a given locomotive, there are at least three sets 
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of maximum tractive efforts, (1) the one limited by the adhesive 
weight of the locomotive, (2) the one based on the maximum 
cylinder output, and (8) still another one based on the maximum 
boiler output. In so far as the performance tractive effort is 
concerned, it is based upon the premise that the locomotive is 
operated in daily service with little variation so that a repre- 
sentative relation between the speed and tractive effort may 
be established for that particular mode of operation. The 
average tractive effort is really a mathematical quantity and it 
is useful only when the deviation of the actual from the average 
tractive effort is within such limits as to give the average tractive 
effort a physical significance. 

A single relation between the tractive effort and speed for 
a given locomotive is thus an inadequate representation of facts. 
These facts can only be represented by taking the major variables 
into account and establishing a series of speed-pull curves on 
bases that can be rigorously defined. The variables for a given 
case may be separated into two distinct classes, which, for the 
present purpose, may be called the physical factors and the 
operating factors. 

When a train is started over a division, the work which the 
locomotive must do at every point is already fixed by the tonnage 
and the inherent resistances of the train, and the speed require- 
ments as known from schedules and train orders, by the profile 
of the road, and also the weather conditions. The locomotive 
assigned to the run will presumably be able to meet the require- 
ments imposed upon it, as far as the capacity is concerned, at 
least, and if the tonnage ratings are well made, with reasonable 
economy as well. To the physical factors imposed by the train, 
track, and weather, may be added the limitations relating to the 
locomotive itself, its dimensions, proportions, and weight. When 
the crew gets aboard, they have under their control only a certain 
latitude in speed variations, the throttle opening, the cut-off, 
and the firing rate. Eliminating the practice of partial throttle 
operation, because of its inherent inefficiency, there remain 
only four operating variables, namely, speed, cut-off, firing rate 
(or steam supply), and the tractive effort. Of these four factors, 
fixing any two determines the other two, and consequently the 
entire operation of the locomotive, and therein lies the skill of 
the engine crew. Any two of the four operating factors, such 
as firing rate and cut-off, may be shown (as in the following 
paragraphs) to be dependent, if the others are assumed as inde- 
pendent. Hence, the tractive effort-speed relation must be de- 
fined by a family of curves, rather than a single relation. 

The firing rate and cut-off are not independent factors because 
the two are related to each other through the total boiler output 
determined by the firing rate on the one hand, and the total 
steam requirement for the cylinders determined by the cut-off 
and speed on the other hand. Therefore, it follows that, at a 
given speed, the cut-off at which the locomotive may be operated 
is determined by the available steam supply, which is, of course, 
determined by the firing rate. Conversely, the firing rate is 
determined by the steam demand of the cylinders as determined 
by the cut-off and speed. This leads to the conclusion that the 
relation between tractive effort and speed is specifically defined 
only when qualified by the operating factors of firing rate or cut- 
off, or the combination of both. 

Since the firing rate and cut-off are the only factors under 
direct control, either of these may be selected as the starting 
point in a performance analysis. It is the purpose of this paper 
to consider the consumption of steam in locomotive cylinders at 
various speeds and cut-offs, thus determining the steam re- 
quirement. No attempt will be made to relate the steam supply 
to the firing rate since this relationship rightfully belongs to the 
study of boiler performance. With the determination of steam 
requirement and assuming that it can be met by the steam supply 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


from the boiler, it remains to obtain the correlation between the 
steam supply and the mean effective pressure, from which the 
cylinder tractive effort is calculated. The latter is a physically 
non-existent quantity, but it is extremely useful as a basis of 
comparison. The cylinder tractive effort may be defined in 
relation to the proportion of the locomotive by the familiar 
expression 


where 7’ = cylinder tractive effort, lb; p = mean effective pres- 
sure, lb per sq in.; d = diameter of cylinder, in.; s = length of 
stroke, in.; D = diameter of driving wheels, in. The quantity 
d*s/D is constant for any given locomotive and will be designated 
as Z. 

The cylinder horsepower may also be calculated from the mean 
effective pressure as follows: 


das 
(2] 
12 X 33,000 


where h = cylinder horsepower; a = area of piston, sq in.; 
and N = speed, rpm. The second factor on the right-hand side 
of Equation [2] is constant for any given locomotive and will 
be designated as Y. Equations [1] and [2] apply to conven- 
tional two-cylinder simple locomotives. 

Another useful relation expresses horsepower in terms of 7 
and V, where V is the speed in miles per hour: 


60N Dr 
Si 
ince J 12 x 5280 anda 4 
Dr 12 x 33,0007 \ D / \375 
TV 
375 375 [3] 


Many methods of making tractive-effort estimates have been 
proposed which depend on the relation 


[4] 


where E = hourly evaporation, lb, and W = water rate in lb 
perihp-hr. This is, of course, a true relation, but in view of the 
difficulty of estimating W, the process is extremely indirect. 
The fact is well known that at starting, with low speed and 
maximum cut-off, the water rate is high, of the order of 30 Ib; 
also that at high speed and short cut-off, minimum values are 
obtained, of the order of 15 lb or lower. It is evident that in 
speeding up a train, the water rate passes through this entire 
range, and several investigators have correlated water rate with 
speed. This process, however, is inadequate, since at the same 
speed, operation at a considerable range of cut-ofis is possible, 
depending on the steam supply; but the cut-off is also a factor 
in determining water rate, of equal importance with the speed. 
Sufficient data are now available so that a representative diagram 
can be shown for water rates for locomotives working at about 
200 lb per sq in. boiler pressure. When it is drawn as a surface, 
relating the water rate in pounds per indicated horsepower-hour, 
speed in revolutions per minute, and cut-off in per cent of stroke, 
the shape is as shown in Fig. 1. Water-rate curves are usually 
shown plotted against speed, as represented by the lighter lines 
in Fig. 2. The group of points through which various lines of 
equal cut-offs are drawn in Fig. 2 have been in some investi- 
gations merely enclosed by an area of steam performance, and 
in other cases, a still less valid representation has been made in 
which all values for a given speed are averaged and the average 
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points connected. It is obvious that the average relation will 
depend more on the number of varying combinations of speed 
and cut-off than upon the specific results. 

If a relation between speed and water rate, independent of 
cut-off, is assumed, such a relation will cut across the curves in 
Fig. 2, as shown by the heavy line XY. Many such relations 
have been assumed, each correct in itself, provided the loco- 
motive is operated through the program of combinations of 
speed and cut-off upon which the water-rate relation is based. 
But the forecasting of such a program as a generalization can 
only be a matter of opinion, and the actual results in any given 
case will be closely related to the method of operation governed 
by the variations in operating conditions. The suggestion of 
a definite and precise correlation between speed and cut-off is 
open to the same criticism as applied to the single-line repre- 
sentation between speed and tractive-effort relationship. 

If any fixed curve XY in Fig. 2 is to be discounted as an un- 
satisfactory generalization, the scheme of computing the tractive 
effort from the water rate must also be rejected, as the general 
relation shown by the light lines, Fig. 2, cannot be used directly. 
For example, it is desired to calculate the tractive effort of a 
locomotive of known proportions at a given speed; let the condi- 
tions be defined by assuming a cut-off. From Fig. 2, a water 
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rate may be assumed accordingly, but an additional process 
must be provided before the horsepower or tractive effort can 
be determined. Similarly, if a steam supply is assumed and the 
steam available per revolution is determined, but without the 
additional process, horsepower still remains unknown. 

The proposed method is a more direct one, by means of which 
may be calculated: 


(a) The total amount of steam used per hour when the 
cylinder dimensions, working pressure, speed, and cut-off are 
known or assumed. 

(b) The cut-off at which the locomotive may be operated 
when the pressure, cylinder dimensions, speed, and steam supply 
are known. 

(c) The relation between speed, cut-off, and mean effective 
pressure as a fraction of the admission pressure, so stated that 
with any two quantities given, the third one may be determined. 
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The process of estimating the tractive effort as applied to a 
locomotive of known dimensions would be (1) assume the speed 
and cut-off; (2) determine the steam used per revolution when 
the cylinder dimensions, working pressure, speed, and cut-off are 
known or assumed as in (a); (3) determine the steam required 
per hour; (4) determine the admission pressure by finding the 
probable loss between the boiler and the cylinders; and (5) 
find the mean effective pressure from (4) and (c) as given pre- 
viously. 

If, in place of assuming the cut-off, the steam supply is as- 
sumed, the process is (1) assume speed and steam supply per 
hour; (2) find the steam per revolution from the hourly supply 
and speed; (3) find the cut-off which may be used with this 
amount of steam per revolution from (6) as given previously; 
(4) determine the admission pressure as in (4) of the preceding 
paragraph; and (5) find the mean effective pressure as in (5) of 
the preceding paragraph. 

The development of the process depends entirely on specific 
information obtained from the laboratory-test results, elimi- 
nating the uncertainties resulting from average steam output, 
average speed, average tractive effort, and avérage water rate 
usually obtained in road tests. The laboratory data are by no 
means as complete as might be desired, and in many cases in- 
consistencies make the determination of certain quantities 
most difficult. However, enough data are available in published 
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TABLE 1 STEAM PER REVOLUTION FOR VARIOUS LOCOMOTIVES 


Cut-off 
20% 30% 40% 50% 60% 70% 80% 90% 
Rpm Locomotive (cyl. vol., press.) Lb Ratio? Lb Ratio Lb Ratio Lb Ratio Lb Ratio Lb Ratio Lb Ratio Lb Ratio 
40 L-1ls and K-4s (10.45, 205).... 3.9 1.00 5.2 1.00 6.6 1.00 8.1 1.00 9.7 1.00 86 ee core ae 15.8 1.00 
3.4 0.87 4.7 0.90 5.2 0.79 6.4 0.79 7.6 0.78 9.3 0.59 
Baldwin 60,000 (11.7, 350).... 8.5 1.37 10.8 1.44 13.4 20.2 1.68 
2.7 1.00 3.8 1.00 5.0 1.00 6.2 1.00 7.5 1.00 12.0 1.00 
ales 2.4 0.89 3.4 0.89 4.5 0.90 5.5 0.89 6.6 0.88 
Baldwin 60,000 (11.7, 350)... 6.9 1.30 8.8 1.35 11.0 13.6 17.2 
3.5 1.52 4.8 1.50 6.2 1.48 9.7 1.49 
120 2.3 1.00 3.2 1.00 4.2 1.00 5.3 1.00 6.5 1.00 
om 2.0 0.87 2.7 0.84 .7 0.88 4.5 0.85 
Purdue No. 4 (3.5, 170)....... 1.5 0.47 2.0 0.38 
Baldwin 60,000 (11.7, 350).... 5.8 1.26 7.4 1.30 9.4 
3.75 1.34 5.0 1.39 6.6 1.44 
160 Lis and 2.8 1.00 3.6 1.00 4.6 1.00 5.7 1.00 
2.4 0.86 3.2 0.89 4.0 0.87 
Ce err ee 2.2 0.79 2.8 0.78 3.4 0.74 4.2 0.74 
E-6s-89 and E-3sd........... 2.2 0.79 2.9 0.81 3.7 0.81 as 
200 {ra Pe Re 1.7 1.00 2.5 1.00 3.4 1.00 4.2 1.00 5.4 1. ‘00 
1.4 0.82 2.0 0.80 2.7 0.79 3.5 0.83 4.4 0.82 
* Ratio of the steam consumption to that used by L-K combination at the same speed and cut-off. 
form to make useful generalization pos TABLE 2 CONDENSED SUMMARY OF DATA IN TABLE 1 
4 it i ini Cylinder hee Working pressure Steam 
sible, and it is hoped that the remaining b per Ratio Conditions of oie 
gaps may be filled by additional tests. Locomotive Cu ft to L-K sqin. to L-K comparison to L-K 
: . i P.R.R. E-3sd and E-6s-89 6.5 + 63 205 1.00 All speeds, all cut-offs 0.80 
Fig. 3 shows the relation between the Missouri Pacific, 1690 8.0 0.75 190° 0.93 All speeds, all cut-offs 0.77 
steam per revolution, the cut-off, and the P.R.R. H-8sb.......... 8.8 0.82 206 5 1 09 All speeds, all cut-offs 9. 87 
revolutions per minute, for the two Penn- Baldwin 60,000......... 11.7 1.10 200° 0:95 All speeds, all cut-offs { 1106 
sylvania Railroad locomotives, class L-1s* All 
and class K-4s.4 The data from these P.R.R.I-ls............ 14.6 1.36 250 1.21 80 rpm 1.50 
120 rpm 1.50 
two locomotives overlap only in the tests 160 rpm 1.40 
at 120 and 160 rpm, but the results for Soses Si 
these speeds are so consistent as to make pyrdue No. 4.......... 3.5 0.33 170 0.83 on 0.45 
it legitimate to consider the combined re- 30 
sults as coming from a single locomotive, 40% 


t d over a wider range of I d and 2 In calculating the ratios, attention was paid to the actual range of boiler pressures in the tests. 
cut-off conditions than was ever used in On this basis, the working pressure for the Missouri Pacific locomotive 1690 is 190 lb per sq in., and for 


a series of locomotive laboratory tests. the Baldwin 60,000 it is 335 and 200 lb per sq in. 
These locomotives have cylinder volumes, 
including clearance, of 10.7 and 10.2 cu ft (one cylinder), re- 


spectively. No different relations may be drawn at the over- pazbwin Tit 
lapping speeds for the two locomotives, and hence the volume of 314 sable (25018) | 
10.45 cu ft may be taken as representative of the two. It re- Fr , V4 
mains to determine what relation is borne to the steam used in Ni Ps 
the 10.45-cu ft cylinders and, at 205 lb per sq in. boiler pressure, $% a 
by that used in cylinders of other volumes and with steam at other ” Kas BALDWIN 
i= pressures. This relation is referred to as the L-K combination. $10 5 (018) 
at Test reports are also available for a series of locomotives® 2 
using superheated steam and with cylinder volumes from 6.5 aoe 65-89. wv — 
tha cu ft to 10.7 cu ft, all working at the same’ boiler pressure of § ' Bisa | MP 690 
. : 205 Ib per sq in.; of a locomotive with three 8.0-cu ft cylinders 3 Ps wate 4 
Aes and 200 lb per sq in. boiler pressure;* of two locomotives with 506 A i inate a 
Hee cylinder volumes of 14.6 cu ft and 250 lb per sq in. boiler pres- = iremere ty Dieldin git ra 
4 sure;’ and of the Baldwin 60,0008 with one high-pressure cylinder So4 
Pennsylvania Railroad Bulletin No. 28. with B= 20510 
ae 4 Pennsylvania Railroad Bulletin No. 29. 3 a: 
Pennsylvania Railroad locomotives, E-3sd, E-6s-89, E-6s-51, 
hes K-2sa, H-8sb. See Pennsylvania Railroad Bulletins Nos. 11, 21, £ 
4. 27, 18, and 10, respectively. Bo 
rh. * Missouri Pacific locomotive No. 1690, Railway Age, June 30, 1925. 02 04 0.6 0.8 1.0 1.2 1.4 
wie 7 Pennsylvania Railroad locomotives I-1s-790 and I-1s-4358, see Cylinder Volume of Locomotive Indicated Vo 
& Pennsylvania Railroad Bulletins Nos. 31 and 32, respectively. These Cylinder Volume of Locomotives, K#saLis V, 
a two locomotives differed in that the latter had a type-E superheater 
4 a and also a feedwater heater, but the resulting difference in per- F1G.4 Averace Ratio or Steam Usep sy Various Locomotives 
hie formance does not enter into consideration of this paper. To TuaT Usep By THE L-K ComBINATION 
Baldwin Locomotive Works publication,‘ Locomotive No. 60,000.” 
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of 11.7 cu ft volume, with boiler pressures of 250 and 350 Ib 
per sq in. Some data are also available for the performance of 
Purdue No. 4 locomotive which has a cylinder volume of 3.5 
cu ft. All volumes are those of one cylinder, including clearance. 
Curves similar to those of Fig. 3 were drawn throughout the 
range of performance for all of these locomotives; these curves 
are not presented in this paper but in Table 1 are shown the 
values for steam consumption per revolution from smooth curves 
drawn through the actual points, and also the ratio of the steam 
consumption to that used by the L-K combination at the same 
speed and cut-off. Table 2 is a condensed summary of the data 
in Table 1. 

The values in Table 2 are plotted in Fig. 4. The circles 
represent the various locomotives, showing for each its average 
ratio of steam used to that for the steam consumption of the 
L-K combination, plotted against the volume ratio. The 
points representing locomotives with 205 lb per sq in. working 
pressure show the use of less steam than that for the Z-K combi- 
nation in a ratio related to the smaller cylinder volume. The 
points representing locomotives with other than 205 lb per 
sq in. pressure show a use of more or less steam dependent both 
on the cylinder volurme and working pressure. The first step 
in relating these is to reduce the varying pressure points to the 
values they would have if 205 lb per sq in. pressure were used. 
By trial, it was found that when the values of these points were 
divided by the quantity 


0.2 + 0.8(P2/P1) 


where P, is the actual working pressure of the locomotive under 
consideration, and P, is the working pressure of the L-K combi- 
nation, or 205 lb per sq in., the corrected points fall close to the 
straight line drawn through the points for the 205 lb per sq in. 
pressure. The equation for the latter line shows that, if the 
steam for the L-K combination with cylinder volume V; is 
taken as unity, the steam for a locomotive with some other 
cylinder volume JV; is 


0.3 + 0.7(V2/Vi) 


Hence, the steam per revolution S; for a locomotive with pressure 
P; and volume V2 as compared with the steam S; used by the 
L-K combination with pressure P; and volume V;, may be 


expressed as 
V2 P,; 
= (0s + 0.7 (02 + 0.8 [5] 


This is a purely empirical relation based on test results. The 
variations in the ratios for any given locomotive within its own 
range of performance are not sufficiently consistent for any other 
process to define this relation, and in general, the variation 
secured by using the formula proposed for finding S, the steam 
used per revolution, is less than the variation in the test data. 

The value of S thus secured represents the steam used per 
revolution for both cylinders of the conventional two-cylinder 
simple locomotives; for three-cylinder simple locomotives such 
as the Missouri Pacific No. 1690, the steam used per revolution 
is 50 per cent greater than S, or 1.5 S, and for locomotives with 
only one high-pressure cylinder, as in the case of Baldwin 60,000, 
the steam used per revolution is equal to 0.5 S. 

After determining the amount of steam per revolution it 
becomes necessary to find the admission pressure, in order that 
the mean effective pressure may be later determined. From 
the preceding process, S (= S,) is known, and the total steam 
used by the cylinders in pounds per hour is 
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where E, = steam used by the cylinders, lb per hr, N = rpm, 
and S = steam used by the cylinders per revolution, lb. 

The pressure of the steam as delivered to the cylinders varies 
with the steam flow, and with the area of all the passages from 
the boiler to the cylinders. These areas are at least four in 
number, and there are no data nor theory to evaluate their effect. 
However, the loss in pressure, for any given steam supply, is 
closely related to the capacity of the boiler, and this in turn to 
its dimensions, so that a satisfactory correlation is found between 
the loss in pressure, the steam flow, and the heating surfaces. 
This relation is well represented by the expression 


where P, = loss in pressure between the boiler and branch pipe, 
lb per sq in., H = total steam consumption, lb per hr, and H = 
total heating surfaces (outside), including superheater, sq ft. 
It is obvious that the total steam consumption £ is made up of 
the steam used in the cylinders EZ, and the steam used by the 
auxiliary devices E,, or 


E=E,+£, 
50 ] 
540 
surface 
IN SQ FT) 7200 
0 19,000 20000 30000 40000 50000 60000 70,000 


Total Steam in Lb per Hr 


Fie. 5 Sream Pressure Drop Between BoILeR AND BRANCH 
Pires 


The curves from which Equation [7] is derived are shown in 
Fig. 5. They are valid only up to the point at which the boiler 
pressure itself begins to fall off. 

For any simple locomotive operating at a given speed, the 
work in the cylinders depends on the mean effective pressure, 
which in turn depends on the admission pressure, the cut-off, 
and the steam distribution generally. No attempt can be made 
to estimate the effects of the variations in steam-distribution 
design; and the arrangements of the conventional engines are 
such that this variable may be eliminated. The effect of the 
diagram factor is so consistent that the mean effective pressure 
is, for any given speed and cut-off, a very definite proportion of 
the admission pressure. In Fig. 6 (6a to 6e, inclusive) the ratio 
of the mean effective pressure to the admission pressure at the 
various cut-offs is shown for the Pennsylvania locomotives 
L-ls, K-4s, H-8sb, and I-ls, the Illinois Central locomotive 
No. 1742,° and the Missouri Pacific locomotive No. 1690 for 
the usual range of test speeds. The curves accurately represent 
the range and value of the ratios. In the case of the four lower 
speeds, there are several curves available for comparison; for 
the higher speeds, the information from Pennsylvania class 
K-4s tests is used. These curves are assembled in a composite 
diagram in Fig. 7, which may be taken as representing the rela- 
tion between the ratio of mean effective pressure to admission 
pressure, and the cut-off in per cent of stroke, at the various 


® University of Illinois, Engineering Experiment Station Bulletin 
No. 220. 
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speeds in revolutions per minute, for locomotives with conven- 
tional types of cylinders and valve gears and using superheated 
steam. 


ESTIMATING TRACTIVE EFFORT 


The process of estimating the tractive effort and horsepower 
of a locomotive may now be summarized: 

1 Given the dimensions of the locomotive, the speed and 
cut-off, the procedure is: 


(a) From Fig. 3 find the steam per revolution for the locomotive 
used as standard of comparison, having a cylinder volume of 10.45 
cu ft and a working pressure of 205 lb per sq in., at the required speed 
and cut-off. 

(b) Find the steam per revolution for the pressure and cylinder 
volume of the locomotive considered by modifying the steam per 
revolution found under (a) by the use of Equation [5]. 

(c) Find the steam used by the cylinders per hour by using 
Equation [6]. 

(d) Find the total steam used per hour by adding estimated 
amount of steam used by the auxiliary devices. 

(e) From the total steam demand and the heating surfaces, 
estimate the pressure drop between boiler and cylinders by using 
Equation [7] or Fig. 5. 

(f) Find the admission pressure by deducting the pressure drop 
(e) from the boiler pressure. 

(g) Estimate the ratio of mean effective pressure to admission 
pressure for the given speed and cut-off from Fig. 7, and obtain 
mean effective pressure by multiplying the admission pressure (f) by 
this ratio. 

(hk) Calculate the tractive effort by Equation [1]. 

() Calculate cylinder horsepower by Equations [2] and [3]. 


2 Given the steam supply and the speed, the procedure is: 


(a) Ifthe steam supply is given as the net amount to the cylinders, 
the steam per revolution is obtained directly by dividing the steam 
supply E, by 60 N, otherwise the total steam supply must be re- 
duced by an estimated amount of steam used by the auxiliary de- 
vices in order to arrive at the net amount of steam to the cylinders. 

(b) Reduce the actual steam per revolution (a) by the use of 
Equation [5] to find the amount of steam per revolution required 
by the locomotive used as the basis of comparison. 

(c) Knowing the speed and the steam per revolution (6), find 
the cut-off at which the locomotive may be operated for that speed 
from Fig. 3. 

Further procedure is the same as items (d) to (i), both inclusive, 
previously outlined under case 1, since the speed, cut-off, and total 
steam supply are now known. 
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Fic. 7 Composire DIAGRAM OF THE RELATION BETWEEN RatTIO 
or MEAN EFFECTIVE PRESSURE TO ADMISSION PRESSURE AND THE 
Curt-Orr In PER CENT OF STROKE AT VARIOUS SPEEDS 


(For_locomotives with conventional-type cylinders and valve gears and 
using superheated steam. 


As a means of showing the application of the method which 
has just been outlined, the cylinder tractive effort and cylinder 
horsepower of a locomotive of assumed dimensions will be de- 


Fie. 6 (Lerr) Ratio or Mean Errective PRESSURE TO ADMISSION 
PRESSURE AT VARIOUS CuT-Orrs FoR DIFFERENT LOCOMOTIVES 
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RAILROADS 


termined for a series of assumed values of cut-off and steam 
supply: 


1 Locomotive dimensions: 


Driving wheel diameter, in.......................... 80 
Boiler pressure, lb per sq in......................... 240 
Total heating surfaces, including superheater, sq ft.... 6000 
Engine constant for tractive effort................... 237 

Z = (26? X 28)/80 = 237 
Engine constant for horsepower..................... 0.150 


/4)262 K 28 
= “2x 33,000 0-150 
2 From Equation [5], the steam used per revolution S for 

this locomotive having 26 XX 28-in. cylinders, or a cylinder 
volume of 9.5 cu ft, including clearance estimated at 10 per cent, 
and 240 lb per sq in. pressure, may be related to that used by the 
comparison locomotive (L-K combination) with a cylinder 
volume of 10.45 cu ft and 205 lb per sq in. working pressure by 
the ratio 


S = [0.2 + 0.8(240/205) ][0.3 + 0.7(9.5/10.45) JS; 
S = 1.064 S, 


3 An example of calculations for a given cut-off is given in 
Table 3. The calculations of cylinder horsepower and water 
rate, in addition to the tractive effort, are carried out as a check 
on the validity of the result. 

4 Asimilar set of calculations based on steam supply may be 
made as shown in Table 4 

Similar calculations have been carried out with the cut-off 
assumed at 75, 60, 45, and 30 per cent, and with assumed values 


TABLE3 EXAMPLE OF CALCULATIONS FOR A GIVEN CUT-OFF 
(c) Steam per revolution for the L-K comparison locomotive 

with a cylinder volume of 10.45 cu ft and a working pressure 

of 205 Ib per sq in. from Fig. 3, lb.............. iieeneiees 12.4 
(d) Steam per revolution for the locomotive with a cylinder vol- 

ume of 9.5 cu ft and a working pressure of 240 lb per sq in., 

(e) Steam to cylinders per hour, (d) x (b) X eee 31700 
(f) Estimated total steam used, including auxiliaries, Ib........ 35000 


(g) Pressure drop between boiler and branch pipes, calculated by 


Equation [7] with FE = 35,000 and H = 6000, lb per sq in. 10 
(i) Ratio of mean effective pressure to admission pressure for 
40 rpm and 75 per cent cut-off, from Fig. 7............... 0. 
i) Mean effective pressure, (h) X (1), lb per sqin............. 198 
k) Cylinder tractive effort, (7) X 237, 47000 
Cylinder horsepower, (7) 0.150 X 1188 


TABLE 4 EXAMPLE OF eer BASED ON STEAM 
(a) Steam to cylinders, assumed, lb per hr.. .. 40000 
(6) Total steam required, including estimated steam for aux- 
Steam per for this locomotive, (a)/60(c), Ib..... 2.78 
i) 8 Steam per revolution based on the comparison locomotive, 
(62) ut-off corresponding to 240 rpm and 2.61 lb of steam per 
revolution, from Fig. 3, per cent............eeeeeseeeeee 38 
(g) Pressure drop, from Equation U7}. Ib per sq in............ 14 
ch) Admission pressure, 240 - 226 
(i) Mean-effective-pressure ratio corresponding to 240 rpm and 
38 per cent cut-off, from Fig. 7..........---eeeeeeeeeees 0.328 
(ij) Mean effective pressure, (h) X (i), lb persqin........... 74 
(k) Cylinder tractive effort, (7) X 237, Ib.... 17500 
(l) Cylinder horsepower, X 0.150 X 2560 
(m) ater rate, (a)/(l), lb per ihp-hr 15.6 
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THE CYLINDERS 


of 30,000, 40,000, 50,000, and 60,000 lb of steam per hr to the 
cylinder. For every assumed cut-off or steam supply, the cal- 
culations are made for speeds of 40, 80, 120, 160, 200, 240, and 
280 rpm, omitting some of the obviously impractical combina- 
tions of speed and cut-off. The calculated results are plotted 
in Fig. 8, showing the relation between the cylinder tractive 
effort and speed in two sets of curves; one for the tractive- 
effort-speed relation at various constant cut-offs, and the other 
for various rates of constant steam supply to the cylinder. 

The proposed methods of calculation extend only to a speed 
of 40 rpm. The determination of tractive effort at low speeds 
rests on the fact that for the first few revolutions of the driving 
wheels, a very small steam supply will be adequate to fill the 
cylinder, so that for zero speed when, so to speak, the locomotive 
is merely leaning against the train, the actual cut-off and the 
dimensional constants of the locomotive determine the tractive 
effort. Reasonable assumptions with regard to release and 
compression pressures give the following mean effective pressures 
for the maximum cut-off given, at zero speed: 


Maximum Ratio of mean 
cut-off, effective pressure 
per cent to boiler pressure 

90 0.97 
80 0.93 
70 0.87 
60 0.80 


The advantages of the method proposed and of the resulting 
figure, Fig. 8, may be mentioned briefly as: 


1 The process takes the physical facts of the transformation 
from potential into kinetic energy fully into account. 

2 The chart places before the user a full exhibit of the 
capabilities of the locomotive. 

3 Ifsuch a chart is to be used as the background for a single- 
line speed-pull curve, it is immediately apparent what program 
of evaporative capacity and cut-off is expected of the locomotive. 

4 A basis is furnished for estimating the economy of the 
locomotive under any conditions, including those far inside of 
what may be considered its capacity. 
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Discussion 


The Design and Performance of an 
Axial-Flow Fan' 


C. Kevuer.? Noise measurements as plotted in the authors’ 
Figs. 19 and 20 agree with the writers’ recently published obser- 
vations’ which were made on the advice of Dr. J. Ackeret 
during experimental investigations of single-stage axial blowers. 
Among other things, these tests deal with the cause of noise and 
it might be interesting to compare both the results obtained and 
another method of investigation with the paper under discussion. 

The pronounced increase of the intensity of the noise mea- 
sured by the authors near the inflection point on the static-pres- 
sure line, and also the following sudden decrease, has been con- 
firmed by all our tests on four different impellers. In our estima- 
tion, the noise in this region is caused by vigorous detachment 


Fic. 1 AN WitTH THE Hot-Wire ARRANGEMENT 


(Hitzdrahtbiigel = Flexible Copper Wires; Hitzdraht Platin 0.1 m/m¢ = 
Hot Wire Platinum 0.1 mm ¢.) 


of the air stream on the various wing parts. With a decreasing 
flow volume, the profiled impeller wings are loaded progressively 
(the lift coefficient ca of the profile increases). With a decreas- 
ing volume a point is reached where the impeller can no longer 
produce the required pressure (co > Camax). As a result surging 
starts which is a well-known phenomenon in blower and com- 


1 Published as paper AER-56-13 by Lionel S. Marks and John 
R. Weske, in the November, 1934, issue of the A.S.M.E. Transactions. 

2 Chief Engineer, Caloric Research Laboratories, Escher Wyss 
Engineering Works, Ltd., Zurich, Switzerland. 

3Axialgebliise vom Standpunkt der Tragfliigeltheorie,” by 
Dr. C. Keller. Communication from the Aeronautical Institute of 
the Federal High School, Zurich, Switzerland, 1934. 


pressor design, and the pulsation of flow volume and pressure 
gives a pronounced noise. 

The hot-wire instrument makes it possible to investigate ex- 
actly the important flow phenomena on a moving wing by 
measuring the velocities on the spot where detachment of the 
stream occurs. A brief description of this investigation method 
is as follows: 

A thin platinum wire 0.1 mm diam and 20 mm long is attached 
2 mm above the surface of the rear side of a wing by means of 1-mm 
flexible copper wires as shown in Fig. 1 of this discussion. This 
arrangement does not cause any disturbances in the flow pass- 
ing along the blade. The ends of the wires are fastened to thin 
insulated copper wires which are inserted in the wing and lead 
through the hub to the shaft end where they are connected to a 
battery by means of collecting rings, copper brushes, and rheo- 
stats. 

During normal operation, the air passes over the wing surface 
without detachments and the platinum wire, through which 
passes a current 7, is cooled by the air which has a velocity w. 
With a larger angle of attack (small volume) the eddies and back- 
flow on the trailing side of the wing increase, starting at the rear 
edge, until finally the flow is wholly detached and the hot wire 
lies in a region of eddies. The wire, no longer subjected to the 


Fie. 2 OsctLLoGRAPH OF CHANGING-VOLTAGE DIFFERENCE 
Between Hot-Wire Enns To DeTacHMENT oF FLow 
From Wine 


(Line 1—50-cycles alternating current as oscillograph scale; line 2— 
normal flow w over the wing profile; line 3—beginning of detachment 
at the rear edge of the wing; line 4—flow detached from the wing profile.) 


regular air flow w is cooled less than in normal operation and 
therefore its temperature rises. The electric resistance of the 
thin wire changes accordingly and a different voltage drop be- 
tween the ends is the result. This voltage difference, after 
being duly increased by amplifier tubes, can be made visible by a 
cathode-ray oscillograph. This allows the observation of 
eventual periodic oscillations of detachments, if the hot wire has 
not too much inertia. 

Tests have been made with a total difference of between 
two and three volts at the hot wire. The current in the hot wire 
amounted to approximately 3 amperes. A detachment of the 
stream corresponded to a difference of between 0.2 and 0.3 volt. 
For the leading tension of the electron ray of a Cossor tube which 
was used as a cathode-ray oscillograph, two amplifier tubes trans- 
formed the voltage difference from the hot-wire end 100 times to 
between 200 and 300 volts. By using the time abscissa of the 
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Cossor tube, the oscillations of the voltage difference can be 
observed during a certain time, as illustrated in Fig. 2 of this 
discussion. 

The upper sine curve represents 50 cycles alternating current, 
photographed on the same plate with the oscillograph curves, 
and serves as a calibrating scale. The distance between lines 
2 and 4 corresponds to the voltage difference between the cold 
and warm hot wires (adherent and detached flow). Line 2 is 
very accurate and straight over the whole period of exposure. 
It shows the constant-voltage difference at the hot wire during 
normal operation of the fan with a closely adherent stream over 
the profile and indicates correspondingly uniform cooling. The 
air velocity w was then approximately 60 m per sec (3000 rpm). 
As soon as detachment is starting at the rear edge, the velocity w, 
and therefore the wire cooling, is changed. Now the voltage 
difference follows the irregular line 3. The unstable condition, 
prevailing near the hot wire is represented by oscillations of the 
wire-voltage difference. No regular frequency could be observed 
in this case. The angle of attack was about 11 deg when the 
detachment started. 

Any further increase of the angle of attack (smaller volumes) 
causes a complete detachment of the flow and the hot wire lies 
fully in a dead space of flow. The wire, in comparison to the 
previous position which gave line 3, is heated still more and the 
change of potential difference is also greater. This case is 
illustrated by line 4. Contrary to line 3, where detachment 
of the flow is only beginning with alternating detachment and 
adherence, the temperature of the wire is almost constant which 
results in the constant-voltage curve, similar to line 2. 

The three lines, 2, 3, and 4 correspond to the varying degree of 
noisiness as observed by Marks and Weske; line 2 representing 
minimum noise; line 3 representing an increase of noise with a 
decrease of efficiency; and line 4 representing lower noisiness 
after inflection point in the static-pressure curve. 


R. G. Fousom‘ and M. P. O’Brien.’ Many papers dealing 
with industrial equipment include little or no information on the 
details of construction and the authors are to be commended for 
presenting sufficient material to permit a technical analysis of 
the results. It is regrettable that restricted publication space 
made necessary the omission of the additional data referred to, 
especially those concerning the rotational velocity at discharge. 

The writers have developed a quantitative method of predicting 
the head-capacity curves® of axial-flow pumps which agrees with 
test data on a commercial propeller pump. Since the flow 
through a propeller fan is practically incompressible, the same 
method of prediction should be valid and the information pre- 
sented by the authors in their Figs. 3, 4, 5, 6, and 9 makes possible 
an application of this method. 

The procedure used by the writers starts from the airfoil 
theory of Pfleiderer? modified in such a way as to give a portion 
of the head-capacity curve near the design point provided that 
the aerodynamic characteristics of the blade sections are known. 
The modification consists simply in taking a weighted average 
of the net total head developed at each radius and subtracting 
the friction and shock losses in the inlet and discharge ducts. 
Empirical fan-test constants are unnecessary in these computa- 
tions, all coefficients being obtained from hydraulic tables. 


4 Instructor, Department of Mechanical Engineering, University of 
California, Berkeley, Calif. Jun. A.S.M.E. 

5 Associate Professor, Department of Mechanical Engineering, 
University of California, Berkeley, Calif. Assoc-Mem. A.S.M.E. 

6 “Propeller Pumps,”” by M. P. O’Brien and R. G. Folsom, pre- 
sented at the Aeronautics-Hydraulics Meeting of THe AMERICAN 
Society oF MECHANICAL ENGINEERS, Berkeley, Calif., June, 1934. 

7“Die Kreiselpumpen,”’ by C. Pfleiderer, Second edition, J. Springer, 
Berlin, 1932. 
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Fig. 3 in this discussion of the paper compares the computed 
results with the authors’ test curves of capacity vs. static 
pressure and power. The discrepancy between the computed 
and measured heads is less than the probable error of the com- 
putations. The computed net power input is lower than that 
estimated by the authors on the basis of friction losses measured 
with a plain cylindrical hub. The good agreement indicates 
that the method used by the writers is satisfactory for design 
although it may not be theoretically sound in all details. 

With regard to the bend in the head-capacity curves at which 
the authors observed that the fan became noisy, it is interesting 
to note that the airfoil theory shows this point to correspond 
approximately to the “burble-point” of the blade section. At 
greater rates of discharge, pumping is primarily the result of 
the lift of the blade sections while at lower rates the drag pre- 
dominates. The bend appears to be the transition stage between 
these two conditions. ‘“Burbling’’ starts at the hub and pro- 
gresses outward as the capacity is decreased and its partial de- 
velopment along the blades probably causes the secondary flows 
observed by the authors. 

Fig. 4 of this discussion shows the application of the usual 
affinity laws to the curves given in Fig. 9 of the paper under 
discussion. Theoretically these relationships should hold for 
axial-flow pumps and fans and it appears that they are dependable 
over the range of speeds investigated. 

The authors state, ‘“‘The fan can be designed so that the same 
amount of work is done on each particle of air, at the flow condi- 
tions corresponding to the point of maximum efficiency.’”’ Subse- 
quently it is stated that, “The angle of attack was selected so as 
to give constant pressure on each blade element.’’ The work 
per pound of the fluid is the total head (pressure head plus 
velocity head). It can be shown that the assumption of a con- 
stant total head and constant pressure difference at all radii are 
incompatible. It can also be shown that the radial-pressure 
variation resulting from a constant total head at all radii gives a 
stable type of flow and for this reason the assumption of a con- 
stant total head appears to be preferable. 


Avexey J. Strepanorr.® The design finally adopted by the 
authors resembles very closely that of the axial-flow pumps al- 
ready well established and for which considerable data are avail- 
able. The design of the fan for which data have been presented 
was based on the use of certain constants obtained from a pre- 
liminary design and study of its performance. This preliminary 
fan, in turn, was built ‘following closely a design which has given 
good performance.” Aerodynamic principles involved were 
given due consideration. 

This is a normal procedure of commercial design of pumping 
machinery, resulting in the marked progress in performance ob- 
served during the last few years. The authors deserve credit 
for improving efficiency of the final design as compared with that 
used for reference. 

Attempts have been made lately by several investigators to 
apply the test data obtained with airfoils in the wind tunnel 
to the design of axial-flow pumps, which substantially is the 
basis of the so-called “airfoil theory’ of axial-flow pumps. There 
are, however, several handicaps to making this theory practi- 
eal, such as: correction for mutual blade interference, finite 
blade length, variable pitch, and for the effect of a revolving 
series of blades instead of the parallel movement dealt with in 
aerodynamics. In addition to that, the performance of the 
diffusion case with inevitable losses should be accounted for, be- 
cause it is in the performance of the complete unit that the de- 
signer is interested, and not of the impeller alone. The deter- 
mination of corrective factors to account for all these influences 


8 Byron Jackson Company, Berkeley, Calif. Mem. A.S.M.E. 


experimentally is much more complicated than the building and 
testing of an actual model of the pump or fan, which is the proce- 
dure followed by the authors. 

The number of variables to observe (head, capacity, and ef- 
ficiency) in such a model test are the same as those with the 
airfoils (lift, drag, and angle of attack), and the testing procedure 
and equipment are much simpler. To make the results inde- 
pendent of the actual dimensions and speed of the pump, various 
factors were introduced (ratio of velocities or velocity heads) 
which correspond to the lift and drag coefficients in the airfoil 
theory. The factors for axial pumps, if plotted against specific 
speed as abscissas, fall in line with those for semi-axial flow 
(coni-flow), mixed-flow, and radial-flow centrifugal pumps, for 
which data have been compiled for years by the designer. It is 
very unlikely that designers will recalculate these data to conform 
to the airfoil theory. 

No doubt, the charm of the airfoil and circulation theories 
lies in the fact that for certain simplified conditions those theories 
give solutions which agree very closely with the observed results, 
which is a very rare happening in the field of formal hydrody- 
namics. 

An advanced pump or fan designer can enjoy the beauty of the 
airfoil and circulation theories and derive benefit from the 
achievements of modern hydrodynamics without trying directly 
to apply them to the actual design. 

While the writer was studying this paper, several points were 
called to his attention. The fan efficiency, based on total head 
as calculated by the authors, corresponds to pump-hydraulic 
efficiency, neglecting leakage and disk friction. This was found 
by the authors to decrease with the speed. With pumps, ef- 
ficiency is a maximum at a certain speed, below and above which 
efficiency drops slowly. At lower speeds the decrease in efficiency 
is caused by the decrease in mechanical efficiency at smaller 
outputs. This could not be observed by the authors, as mechani- 
cal losses were excluded in their calculations of the fan efficiency. 

At higher speeds the difference between the velocities and 
pressures on the front and back side of the impeller blades be- 
comes too great to perform the equalization of these at discharge 
and entrance edges with a minimum loss. The blade becomes 
overloaded. With pumps this is followed by cavitation if the 
suction pressure or submergence is not sufficient to suppress the 
local formation of cavities on the suction side of the blades. 

The increase of the blade area, either by extending the blades 
or by increasing the number of blades, will increase the optimum 
speed of the pump or fan. This will also reduce the noise of 
the unit as a result of decreased pressure and velocity differences 
throughout the unit. 

The authors have selected the profiles for the impeller blade 
with a straight front, or constant vane angle. The good per- 
formance of this fan proves, contrary to statements sometimes 
made, that the increase of the vane angle from the leading to the 
trailing edge is not absolutely necessary for an efficient generation 
of head. To make the generation of head possible with this 
shape of blade, the fluid must enter the blade with a sudden 
deflection or shock, but this shock is in the direction of flow, 
resulting in little or no loss of energy. On the other hand, by 
making the blade angle at the discharge equal to or smaller than 
that at the entrance the blade end is unloaded (becomes non- 
active), resulting in uniting of the two streams on both sides 
of the blade with a minimum of loss. 

Although the authors have chosen profiles with very thick 
entrance edges for the diffusion vanes, hoping to improve the 
flow for a wider range of capacities, the efficiency curves are not 
any flatter than found normally for this type of impeller. 

The 0.5 ratio of the hub diameter to the impeller diameter 
used by the authors is greater than normally encountered in 
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pump designs. Large impeller hubs require an unusually long 
diffuser tapering hub for an efficient recovery of the velocity 
head. 

The best distance between the impeller and guide vanes 
for axial pumps was found by Pfleiderer to be about 3 per cent 
of the impeller diameter. The authors’ optimum clearance be- 
tween the impeller and guide vanes is 5 per cent. The difference 
is probably caused by the fact that the authors’ diffusion vanes 
have much heavier entrance edges than those of the Pfleiderer 
pump. 

The authors deviate from the established methods of testing 
and terminology. This, while having no particular advantages, 
may lead to confusion. The close comparison of the perform- 
ance of the fan presented in the paper with available data is 
impossible, as, while the authors based the fan efficiency on the 
power input less mechanical losses, the latter are not given 
in the paper. The statement in the paper that the pressures, 
volumes, and efficiencies, as determined by the methods of the 
Standard Test Code at another laboratory not named in the 
paper, may only be explained by the inaccuracy of the test data. 


Avutuors’ CLOSURE 


The preliminary investigations referred to in the paper had the 
same object as that discussed by Dr. Keller, namely, the ex- 
ploration of the flow through the fan blades. For this purpose 
the test arrangement consisted of pitot tubes rotating with the 
fan and of a pressure seal by which the pressures were trans- 
mitted from the rotating elements to a stationary gage board. 

In the region beyond the stalling point the conditions of flow 
around a rotating blade are more complicated than those of two- 
dimensional flow. The air in the stagnant zone at the back of 
the blade is dragged along by the blade at approximately the 
rotative speed of the blade. It thereby is subjected to centrifu- 
gal acceleration and tends to move radially outward. Stalling 
begins at the root of the blade; when it starts it has a disturbing 
effect upon the neighboring zones further away from the center 
line. 

Stalling is only one of the causes of the rapid increase of noise 
near the inversion point of the fan-characteristic curve. Our 
measurements of axial velocity immediately in front of the fan 
wheel (by stationary pitot tubes) show that there is a displace- 
ment of the flow as the discharge volume decreases which results 
in diminishing flow near the tip of the blade. This may go so far 
as to cause reversal of flow at low discharge volumes. It is at 
the point where this reversal of flow first appears that the highest 
peak of the noise curve occurs. 

It is gratifying to find the agreement between the computa- 
tions of Mr. Folsom and Professor O’Brien and the actual per- 
formance of the fan. The difference between the two methods of 
design (constant total head and constant pressure difference) 
disappears when the fan and guide vanes are considered as one 
system and when the axial velocity leaving the system is con- 
stant over the cross-section. 

Mr. Stepanoff suggests that the fan designed by the authors 
was a modification of the fan used in the preliminary investiga- 
tions. This is not correct. The fan was designed on aero- 
dynamic principles and departed from the previous design in a 
number of fundamental points, as stated in the paper. The 
combined corrective factor for the various influences to which 
Mr. Stepanoff refers (mutual blade interference, etc.) was ac- 
tually determined experimentally, as he advocates, and was used 
in the design. The authors agree that two-dimensional air-foil 
theory is inadequate for a rational analysis of the flow through 
an axial-flow impeller. Air-foil theory, however, supplies useful 
data for the selection of the proper shape of the blade section. 
For the design of the blade as a whole, circulation theory as ap- 
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plied to propellers (particularly the work by Goldstein and others) 
supplies necessary and useful data for the practical design. 


Air Flow in Fan-Discharge Ducts' 


H. F. Hagen.* The author has made a valuable contribution 
toward the explanation of the discrepancies that appear between 
the volume measurements made by use of the pitot tube and 
those made with a flow nozzle. However, the quantitative use 
of the direction tube implies that the air has been assumed to 
have a smoothly rotating flow without ring vortices or radial 
motion. To validate this would require extensive investigation. 
The supporting evidence of nozzle agreement and egg-crate action 
is inferential and, while convincing, too meager to be conclusive, 
as the author himself states. 

Fan literature describes two fundamental spins; a spin of 
uniform moment of momentum having a constant total head 
throughout the range of flow, and the vortex with a constant 
angular velocity. The first type of spin can occur in any fluid 
flow. The second type can be produced only by an expenditure 
of energy. 

The flows indicated by the direction tube are of neither of these 
fundamental forms. Inasmuch as each blade produces vortices, 
it is pertinent to consider whether or not the apparent spins are 
due to a pattern of individual blade vortices, particularly as 
such vortices have a theoretical permanence. If such a vortex 
pattern exists, the square or pulsation effect cannot be ignored. 

The author’s experiments with more precise metal diaphragms 
are open to the objection that the small amplitude of their very 
precision makes them as susceptible to the minute displace- 
ments of the ordinary sound wave as they are to the relatively 
large displacements of air pulsation. The rubber diaphragm 
used by the writer indicated pulsations too great to be ignored. 
Professor Bailey’s paper* also shows a severe pulsation in a fan 
delivery. 

The writer has experimentally verified the author’s work. 
The curves of Fig. 13 in the paper were checked in the writer's 
laboratory concurrently with the author’s investigation. Later, 
an “egg crate’ was used with his predicted results. In another 
case, the amount of spin shown by the direction tube was pre- 
dicted from a difference between inlet and outlet volume measure- 
ments. However, complications arose. Two fans that showed a 
variation of approximately 10 per cent between pitot tube and 
nozzle produced agreement in subsequent testing throughout the 
whole range of the fan characteristic. It is to be noted that the 
nozzle volumes were the consistent ones. 

The direction tube developed by the author is a new instru- 
ment of great promise. The writer has had opportunity to use 
it in an examination of the flows from two double-inlet experi- 
mental fans. One of these indicated a spin similar to those shown 
by the author for single-inlet fans, but of only 12-deg inclination. 
The other showed a double vortex of 22-deg maximum spin. 
Nozzle checks have not yet been made and further investigation 
is required along these lines. 

To the best of the writer’s knowledge, in every instance where 
the direction tube has been used in a fan duct it has indicated 
rotational flow. The author’s deductions from the writer's 
reported results on double-inlet fans may require revision. Direc- 
tion-tube tests made in cases that show agreement between pitot 
tube and nozzle may also prove illuminating. 


1 Published as paper PTC-56-2, by L. S. Marks, in the November, 
1934, issue of the A.S.M.E. Transactions. 

2 Vice-President and Director of Research, B. F. Sturtevant Com- 
pany, Hyde Park, Boston, Mass. 

3“Pulsating Air Flow,” by Neil P. Bailey, Trans. A.S.M.E., 
vol. 56, 1934, paper PTC-56-1, p. 781. 
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These test experiences have been mentioned to emphasize 
the complicated nature of the whole subject and to indicate that 
the author’s unquestionably important discoveries do not pro- 
vide an entirely complete explanation. 

The author’s work with the various types of pitot tubes is 
interesting. The writer has tested five different tubes of the 
type shown in the author’s Fig. 4 and found curves similar in 
type to that of the author but with individual differences of 
velocity pressure of 3.5 per cent. Errors of this order frequently 
occur in pitot-tube work even on the inlet side of fans where there 
is no reason to suspect a spin. There appears to be an error of 
this order in the author’s calibrations. Presumably the impact 
ends of the tubes of Figs. 2, 3, and 4 are identical. Allowing for 
signs plus or minus from the unity line a similar gradient can be 
secured from the published curves for impact-pressure variation 
which should be the same for the three. Such curves plotted 
from Figs. 2 and 4 agree closely, but the curve from Fig. 3 does 
not check within 4 to 6 per cent of the velocity head in the im- 
portant 15-deg to 30-deg range. Has the author an explanation 
of this apparent change in the impact gradient? 

Incidentally, it should be noted that, in rectangular ducts 
where the pitot tube is not conventionally moved toward the 
center line of the duct, the tubes of Figs. 2 and 3 would inter- 
change characteristics and that possibly the symmetrically dis- 
tributed holes of Fig. 4 are to be preferred. 

It is worthy of remark that the author put his reliance, and very 
properly, on the nozzle measurement. In all the work done by 
both the author and the writer, the nozzle has been reliably con- 
sistent and has been used as a measure of the correctness of 
other methods. The only real objection to the nozzle is a 
commercial one of cost. This objection has been overcome by 
the development of accurate but inexpensive sheet-metal forms. 


H. S. Bean.‘ The discussion, in the paper, of errors due to 
non-axial flow is of particular interest and value. It may be well 
to note that errors of the nature and approximate magnitude de- 
scribed have been observed in some tests made at the National 
Bureau of Standards on small household fans such as are used 
in the summer. Such results lead one to suspect many of the 
pulsation errors reported in Mr. Hagen’s 1933 paper® and in 
Professor Bailey’s current paper’ were really errors due to non- 
axial flow. 

In 1926 and 1927, the Gas Measurement Committee, Natural 
Gas Department, American Gas Association, conducted a series 
of tests at Buffalo, N. Y., to determine the effects on orifice- 
meter indications of various types of pipe fittings placed on the 
inlet side of the orifice. One of the “‘fittings’”’ used was a com- 
bination of three elbows so connected as to determine two per- 
pendicular planes. Presumably, such a combination of angles 
produced a whirl in the gas stream. The effect on the orifice 
meter varied from practically zero to more than 13 per cent low 
(i.e., the indication of the meter was less than it should have 
been), depending upon the size of orifice and its distance from 
the angles. Moreover, with an orifice of 50 per cent diameter 
ratio, the effect of these angles was very apparent even with over 
50 pipe diameters of straight pipe between the orifice plate and 
the nearest angle. 

While so far as is known, there have been no tests of just this 
kind made with venturi tubes and flow nozzles, it seems reason- 
able to expect that the effect on them would be similar. If 
this expectation is right, one may well question the accuracy of 


4 Physicist Chief, Gas Measuring Instruments Section, National 
Bureau of Standards, Washington, D.C. Mem. A.S.M.E. 

5 “Pulsation of Air Flow From Fans and Its Effect on Test Pro- 
cedure,” by H. F. Hagen, Trans. A.S.M.E., vol. 55, 1933, paper 


FPS-55-7, p. 105. 
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nozzle measurements such as mentioned by Professor Marks, 
when the approach stream has a whirling motion. 

In these Buffalo tests, the use of straightening vanes, “egg 
crates’”’ as Professor Marks called them, was tried as a means 
of overcoming the adverse effects produced by the fittings. In 
all but a few instances the straightening vanes were completely 
effective. While several different designs of vanes were tried, 
the most effective had about the same relative dimensions as 
those used by Professor Marks. 

Professor Marks states that a pitot-tube traverse made 2.5 pipe 
diameters downstream from the straightening vanes was as satis- 
factory as at 9. This is less than the recommendation made in 
Part 3 of the Fluid Meters Committee Report, which specified 
that the distance between the vanes and the orifice should be 
between 4 to 10 pipe diameters, depending on the diameter ratio 
of the orifice used. 

Near the end of the paper Professor Marks states: “It is 
concluded that, with 2.5 diameters of duct past the pitot-tube 
station, there is no disturbance of the pitot-tube readings result- 
ing from the presence of obstructions at the end of the dis- 
charge duct.” In other words, any disturbance produced by 
such obstructions does not travel back upstream as much as 2.5 
pipe diameters. This lends support to the recommendation of 
the Fluid Meters Committee that there should be at least from 
2 to 4 pipe diameters of unobstructed pipe between the down- 
stream pressure tap and any fitting. 


J. F. Downie Smiru.* In his paper, Professor Marks has ex- 
plained the desirability of changing the position of the outer- 
most pitot-tube station in a circular duct in order to make the 
A.S.H.&V.E. test codes come into closer agreement with theory 
and practice. His point was that a better average velocity 
would be obtained by the method he suggests. Since he has 
recommended a change in the test codes, another recommenda- 
tion may be considered simultaneously with it. 

The p.ocedure in fan testing at present is to divide the duct 
into several equal-area strips, and, at the center of each, to 
measure (among other things) impact and static pressures. 
From the data, the velocity of the air at each point is calculated 
and the velocities are then averaged to get the average velocity 
over the section. This answer is correct within the required ac- 
curacy. But when this average velocity is used in the calculation 
for the velocity head of the air at the section, the answer obtained 


y2 
is wrong. The kinetic energy obtained from — is not the 


average kinetic energy of the air. 

Consider a small plane section of the duct with area dA perpen- 
dicular to the duct axis, a mean air velocity V at this point and 
density p. The kinetic energy of the material passing this section 
would be 

wv? _@A VoV? _ 
29 29 29 


A 
Over the entire section, the kinetic energy would be yi 
0 


eV? 
29 


dA, and the kinetic energy for a unit weight of the material would 
be: 


1 A 1 A 
— dA = 
A Vave Pave Jo 29 29 AV wwe 


Now for a parabolic distribution of velocity, as occurs in iso- 
thermal streamline flow, the average kinetic energy obtained in 


6 Instructor in Mechanical Engineering, Harvard Engineering 
School, Harvard University, Cambridge, Mass. Assoc-Mem. 
A.S.M.E. 
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the above manner can readily be shown to be —— instead of 
— has been used in the test codes. The latter is only half 
g 


the size of the former. Fortunately, in fan work, the flow is sel- 
dom streamline, and for turbulent flow the error is much less 
than with viscous flow, amounting to only a few per cent. Un- 
fortunately, it is not a constant amount and varies with the tur- 
bulence. 

But in fan testing, the velocity head at each of the several 
points specified in the ducts is usually obtained or can be easily 
calculated. Then it appears better to average the velocity heads 
obtained at these various points and thus compute the velocity 
head of the air at this section. From this velocity head we can 
unfortunately get no data about discharge unless flow is viscous 
or of known turbulence. But the discharge can be obtained by 
calculating the average velocity as formerly. 

Therefore, the specific recommendations are: (1) Calculate 
the volumetric discharge by averaging the velocities as specified 
in the test codes; (2) calculate the velocity head of the dis- 
charge by averaging the velocity heads obtained at the several 
specified test points. 


Ep S. The writer agrees generally with the au- 
thor’s conclusion that a “new definition of velocity head’ is 
needed in the art of testing fans discharging into ducts but 
suggests that this new definition be made suitable for extension 
to the testing of pumps and turbines for liquids as well as gases. 

This new definition that the writer suggests was proposed by 
George E. Lyon of Rensselaer Polytechnic Institute in 1921.8 
In view of the lack of published discussion, it may be well to 
state that, about 1930, Dr. Dryden, of the U. S. Bureau of Stand- 
ards, independently proposed this to the writer in a conversation 
on metering of fluids by large-ratio nozzles. 

The velocity head 


Total kinetic energy per second E (1) 
Mass per second 


R 
The total kinetic energy per second = 7 2xr dr Vp 2g for 
0 


a circular duct where r is the radius, V is the velocity, and p 
is density. This simplifies to: 


where A; is the area of a graph in which V® is plotted as or- 
dinate against r? as abscissa for a known velocity distribution. 


R 
um f 2xrdrVp 
0 


where A; is the area of a graph in which V is plotted as ordinate 
against r? as abscissa for a known velocity distribution, as is 


or 


well known. Thus the average velocity head is simply 
pr 1 A; 
hy = — A, + pw Ag 4 
b 2g 1 2g A: [ ] 


Rectangular ducts may be treated in a somewhat similar, graphi- 


7 Hydraulic Engineer, Builders Iron Foundry, Providence, R. I. 
Mem. A.S.M.E. 

8 “Flow in Conical Draft Tubes of Varying Angles,” by G. E. 
Lyon, Trans. A.S.M.E., vol. 43, 1921, paper no. 1830, p. 1245. 
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cal manner. In the above analysis, only the velocity com- 
ponents along the axis of the duct have been considered. 

It seems proper to credit the fan with any useful energy that 
it has added to the flowing stream as determined from the differ- 
ence in total energy between a point in the inlet and one in the 
discharge duct. The total energy is to be taken as the sum of 
the energy of the static pressure, the kinetic energy of translation 
and rotation, and the total heat of the fluid itself. The useful 
portion of these energies must be determined from the portion 
of the energy increase that can reach the point of application 
and there be of service. The same problem is met in the sale 
of steam, e.g., where the flow-measurements are differently 
weighted when the fluid is to be used for heat or power. 

As a practical matter, it seems fair to insist that the rotational 
energy be converted into that of translation or omitted from 
consideration. Consistent with this, it would seem desirable to 
measure the energy of translation at a point far enough distant 
from the fan, in view of any straightening egg-crates present, so 
that the velocity distribution is so nearly normal that further 
losses due to velocity readjustments will not have appreciable 
effects. 

At such a point of normal velocity distribution, the mechanical 
viscosity is practically uniform across the central portion of the 
duct, thus producing a parabolic velocity distribution there. 
With smooth walls, the velocity builds up as the seventh root 
of the distance from the walls. The parabolic curve, extending 
outward from the center, and the seventh-root curve, extending 
inward from the walls, overlap for a generous range providing 
that suitable constants are used to adjust the above curves to 
follow the actual curve most closely. The seventh-root curve, 
taken alone, gives a sharp peak to the velocity-distribution curve, 
at the center of the duct, which entirely fails to fit the physical 
situation. It is best not to attempt to use a single law (parabolic, 
seventh root, or other) as basic in drawing general conclusions, 
but rather to make only such use of them as is mathematically 
convenient and correct. 

The centrally located tube is the only fixed pitot tube that is con- 
sidered worthy of use by the writer, and then only after it has 
been calibrated in situ at the various rates by velocity-distribution 
traverses, or otherwise. Any averaging or other pitot tubes 
located near the walls of the duct are in a region where the velocity- 
distribution gradient is too steep for accuracy or reliability, par- 
ticularly for test purposes where guarantee performance is being 
checked. 

Where the characteristic of the fan is such that the head first 
increases and then decreases with an increase in quantity, ex- 
pansible fluids may have violent pulsations on the rising portion 
of the curve. The author’s conclusion that pulsation errors are 
relatively small is evidently based on experience limited to fans 
having a steadily falling characteristic. With a rising char- 
acteristic, it is generally necessary to throttle the suction to 
avoid pulsations so severe as to render meaningless any velocity 
readings obtained by differential-type meters. It would seem 
desirable to supplement the pitot tube with a hot-wire velocity 
meter. While blowers having a rising characteristic may be 
considered as unworthy of mention, still they should fall under 
any system of test methods that lays any claim to comprehensive- 
ness. 

It may prove advantageous to rate such fans with a liquid in- 
stead of a gas. The writer has found it convenient to check 
the characteristic of a liquid pump by measuring the flow of 
air it produced. Of course the power required works against 
testing air fans with water as much as it favors testing large 
water pumps with air. However, the liquid-test procedure 
should find some use in model tests run to develop a design that 
avoids the objectionable rising characteristics of some former 
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model. ‘An Investigation of the Performance of Large Centrifu- 
gal Pumps Using Air as a Medium,” an advanced thesis by 
Miguel A. Quinones, Rensselaer Polytechnic Institute Bulletin 
No. 48, September, 1934, admirably confirms the potential value 
of such procedure, besides establishing the present accuracy of 
such a method. 


A. Pererson.® It may not be amiss to emphasize one im- 
portant conclusion that may be reached from reading Professor 
Marks’ paper and that is the possibility of serious errors in test 
results by use of the pitot tube. It is significant that Professor 
Marks uses the flow nozzle as a standard for comparison. This 
immediately brings up the question why should not the flow 
nozzle be specified also in the test code for fans. 

The writer is a member of Committee number 10, his work hav- 
ing been confined mainly to the compressor section of the code 
which incidently has passed through its final steps for publication. 

Before adoption of the flow nozzle for measuring volume, we 
had discussions and controversies with builders of commercial 
flowmeters such as thin-plate orifices, pitot tubes, etc., but the 
Committee took the stand that the most accurate method to 
determine volumes, with the knowledge of the art at that time, 
was the flow nozzle. 

In the code as written, the door is, however, open to other 
methods of volume measurements but the test is not then strictly 
in accordance with the A.S.M.E. Code although it may happen to 
be just as accurate as a test according to the code. 

In trying to have the flow nozzle also adopted in the fan Code 
in preference to the pitot tube, considerable opposition was 
raised by many fan manufacturers mainly on account of the ex- 
pense of testing large fans by the flow-nozzle method. 

After reading Professor Mark’s paper and Mr. Hagen’s paper,® 
I am more than ever convinced that the flow nozzle also should 
be specified in the fan code. 

The pitot tube naturally has its place and can be covered in the 
fan code in the same manner as was done in the compressor code 
in permitting by mutual agreement other methods for volume 
measurements, but the flow nozzle should be the standard method. 

In this connection, it may be well to emphasize the report of 
the Special Committee appointed to study in detail the principal 
objects and purposes of the A.S.M.E. Power Test Codes. 

This report contains the following statement: ‘The Codes 
shall be so definite that they may be made part of commercial 
agreements and shall serve as a measure of fulfilment of contract 
obligations in so far as the items covered in these codes are 
concerned as well as a means of preventing disputes between 
parties to a test.” 

Professor Berry, who was a member of this Committee stated 
in the November, 1932, issue of Power: “. ... the A.S.M.E. 
Test Codes are planned for use in acceptance testing and must 
therefore be so drawn that their results can be defended in litiga- 
tion that may arise from a disagreement. The methods presented 
in such a code must be only those that are recognized as yielding 
the most dependable results attainable in the present state of the 
art.” 

I believe the foregoing quotations together with Mr. Hagen’s 
paper’ and Professor Marks’ paper, herein being discussed, give 
ample justification for the Fan Code Committee to specify the 
flow nozzle for volume measurements. 

If the fan is of such size that the expense of the test set-up be- 
comes prohibitive, test of a model may be resorted to, which 
practice is followed by the hydraulic-turbine people and to some 
extent also by the centrifugal-pump manufacturers. 


* Chief Engineer, Pump and Compressor Department, DeLaval 
Steam Turbine Company, Trenton, N. J. Mem. A.S.M.E. 


349 


R. D. Mapison.'® The author has presented here a real con- 
tribution to the study of air flow in ducts, and has offered con- 
structive suggestions for the changes in fan-test procedure. 
The use of the honeycomb straightener with a short test duct 
is to be commended both from the standpoint of economy of set- 
up and accuracy of test. 

It is comforting to know that the author’s opinion is that pul- 
sation is responsible for only a small part of test errors. While 
pulsation still has to be dealt with it is not likely to abolish the 
use of the pitot tube and traverse. The pitot has been some- 
what discredited of late and without real justification. The 
author has pointed out that with a straightener there seems 
to be little choice between the Prandtl tube and that adopted 
by the A.S.H.&V.E. Tests may prove that a modification of 
them both is the answer. The writer believes that larger static 
holes and a blunter, more elliptical-shaped nose in the A.S.H.& 
V.E. tube is desirable. 

The writer has used straighteners and found them desirable 
from all viewpoints. In recent elbow tests he used a honeycomb 
approximately 5 in. square and 10 in. long and satisfactorily re- 
duced spiral flow to a negligible amount. However, if shock 
loss at entrance is to be neglected, a length of 15 in. (3 diameters) 
would have been preferable. Contrary to what some may 
think, a thin-edged straightener does not “equalize” flow, al- 
though the static pressures, as read, are much more uniform. 
In fact, the writer has found that the velocities are apparently 
more uneven due to the more accurate reading of the static 
pressure. A straightener will introduce a pressure loss both by 
reason of the friction of the walls and by the shock loss at en- 
trance. The former should not be charged to the fan. If there 
is a large amount of spiral flow there will be a large shock loss and 
this would and should automatically penalize the fan since spiral 
flow serves no useful purpose in any installation. It is the 
writer’s opinion that a length of duct approximately 6 diameters 
could be used with a straightener—3 diameters between the fan 
and center line of the straightener, 1!/. diameters between the 
straightener and the pitot station and 1'/, diameters between 
the pitot station and end of the duct where a symmetrical throt- 
tling device is situated. 

The subject of the use of rectangular ducts is too quickly dis- 
missed by the author without considering some of its advantages. 
Most fans have square or rectangular outlets and are connected 
to ducts of similar shape. It would not only simplify the duct 
to keep it the same size as the fan outlet but it would change the 
flow lines less and facilitate the fabrication of the straightener 
and air-throttling device. It is true that there is a larger per- 
centage of boundary to area in a rectangular duct than in a 
round one but there is also a greater percentage of readings taken 
near the boundary. The round-duct traverse presupposes a 
fairly uniform velocity distribution across the duct. This is not 
always attained, especially in single-inlet fans. In fact, the 
“‘pattern”’ of the velocity distribution may change radically with 
different points of rating with the same fan operated at constant 
speed. In the rectangular traverse the points are more uniformly 
distributed over the whole area and therefore more likely to be 
representative under all conditions. The author feels that the 
outermost point in the round traverse is not correct and should be 
moved slightly nearer the boundary. If tests prove that this is 
necessary and the same condition exists in the rectangular 
traverse, a corresponding change could be made. As a result 
of the observations, the writer believes that with the use of a 
honeycomb straightener there is every justification for the use of 
rectangular test ducts. 


10 Research Engineer, Buffalo Forge Company, Buffalo, N. Y. 
Assoc-Mem. A.S.M.E. 
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W. H. Carrter.'!! Although the pitot tube has always been 
recognized as a very convenient and simple instrument for deter- 
mining fluid flow, the accuracy of the results obtained by it has 
heretofore been questioned. However, as a result of Professor 
Marks’ research, it is possible to use this iastrument with con- 
fidence. 

There may be some question as to the proper distance from 
the fan discharge to take static-pressure readings. It is well 
known that a considerable length of piping on the fan discharge 
has an equalizing effect which actually increases the observed 
static pressure in many types of fans. It is also true, of course, 
that there is a certain frictional loss in this duct work. It is 
debatable whether an addition to a fan which improves its ap- 
parent efficiency should not be penalized by whatever frictional 
loss occurs in producing the additional efficiency. In a straight 
length of discharge duct there is normally this conversion of 
“static” energy, which will naturally occur in the duct, and the 
frictional loss of the duct is calculated from the fan outlet, so 
the performance of the fan would normally be taken on the 
present basis providing, of course, the correct coefficient of fric- 
tion were allowed. 

I believe that users of fan equipment would prefer to have 
the static-pressure readings taken closer to the fan outlets, as 
suggested by Professor Marks, as frequently this static pressure 
is the only usable pressure in an installation, and it is always 
desirable to get a better fan performance than expected rather 
than a poorer one. 

On the other hand, fan manufacturers would probably like to 
see their fans given credit for performance under the most ideal 
conditions. 

It is my opinion that only improvement in fan practice and 
design would result from adopting the suggestion of Professor 
Marks that the static-pressure readings be taken one diameter 
from the fan discharge. In the end this should be a benefit to 
all concerned, and should be looked at from a broad rather than a 
narrow point of view. 


AvuTHOR’s CLOSURE 


The air flows shown in Figs. 9 to 14 of the paper have all the 
characteristics of a continuously distributed vorticity. The 
second type of vortex described by Mr. Hagen is a particular 
case of distributed vorticity. Any arbitrary continuous distribu- 
tion of vorticity may appear in a fluid. A free vortex (where the 
vorticity is concentrated on a line) will, through the action of 
viscosity and turbulence, diffuse its vorticity through the fluid 
in a continuous way just as heat diffuses by conduction through 
a body. The distribution of angular velocity indicated by Fig. 
14 suggests such a type of diffusion. 

Mr. Hagen’s experience with fans, which sometimes show good 
agreement between pitot-tube and nozzle-volume measurements 
and at other times show a 10 per cent discrepancy, would appear 
to result from the commonly observed instability of performance 
of certain fans. A traverse with a direction tube would presum- 
ably have given the explanation for the phenomenon. 

The suggestion by Mr. Hagen that rotational flow has always 
been found when a direction-tube traverse has been made is prob- 
ably accurate. In the double-inlet fan mentioned in the paper, 
two opposing vortices are set up which, at 2'/, diameters from 
the fan, have a maximum whirl angle of 22 deg. At 9 diameters 
distance the maximum angle has decreased to 5 deg, a magnitude 
which has no perceptible influence on the pitot-tube readings. 

The author does not believe that_sagSgtantially identical pitot 
tubes will register individual differeri@és.of velocity head of the 
magnitude apparently found by MF. Hagen. The five tubes 


11 Chairman of the Board, Carrier Engineering Corp., Newark, 
N.J. Mem. A.S.M.E. 
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used by Mr. Hagen vary sufficiently in dimensions to justify 
the expectation of some appreciable differences in their indica- 
tions. The dimensions of Mr. Hagen’s tubes, as well as those of 
the A.S.H.&V.E. standard tube, are such as to give an appreci- 
able error in velocity-head indications. Since the writing of 
this paper, investigations have been made which will permit the 
design of a pitot tube giving negligible error for a correctly 
oriented tube and avoiding appreciable differences between the 
indications of different tubes. 

Variation in impact head in the author’s measurements, which 
Mr. Hagen deduces from Figs. 2, 3, and 4 of the paper, represents 
probably some variation in operating conditions. The author 
was interested at first only in the variation of velocity head with 
yaw; the static pressures were obtained at a later date when the 
desirability of knowing them developed. The conditions for the 
two sets of observation were not identical. 

In the early part of his paper, the author recommends the use 
of round ducts for accurate work; in the rest of the paper the use 
of a round duct is assumed. With a rectangular duct and 
whirling flow, the mean static pressure can be determined as in a 
round duct by traverses along two center lines with spacing of 
observation locations as in the usual rectangular-duct traverses. 

H.S. Bean suggests that whirling flow is to be expected in a 
nozzle if the air approaches it with whirling flow. This is cer- 
tainly the case and has been observed by the author. As the 
axial velocity is increased through the nozzle, approximately 
inversely as the ratio of areas, and the tangential component is 
unaffected, the angle of whirl should be reduced in the nozzle. 
This is precisely what was observed. The fan whose perform- 
ance is shown in Fig. 11 of the paper was provided with a nozzle at 
the end of a 10-diameter discharge duct and a traverse was made 
with a direction finder of the air leaving the nozzle. The whirl 
angle was found to vary in a fairly uniform manner from zero 
at the center to about 7 deg at the periphery. For these angles 
the correction factor, Fig. 8, is practically unity. 

The discussion of J. F. D. Smith is concerned with a point 
which is not touched upon in the paper. He is unquestionably 
right in his proposal if the mean velocity head is the quantity de- 
sired. However, it should be pointed out that the mean velocity 
is the quantity usually of interest to the fan engineer and that the 
useful product of the fan is the velocity head corresponding to the 
mean velocity rather than the mean velocity head. In other 
words, a flow of uniform velocity across the whole cross-section is 
preferable to the same total flow with a velocity which varies 
across the cross-section. The latter, however, would show the 
higher mean velocity head. 

When the author stated that there was need of a new definition 
of velocity head, he had in mind the question of non-axial flow 
and not the variation of velocity across the cross-section as sug- 
gested by Ed S. Smith, Jr. Mr. Smith’s discussion of this 
point is in effect the same as that of J. F. D. Smith and is 
answered above. The author agrees with his conclusion that the 
useful portion of the energy given to the air is that which can 
reach the point of application and be of service there. 

The pulsations referred to by Mr. Smith are those resulting 
from instability in the fan performance which, as he says, is 
common in fans having the characteristics which he describes. 
The author has not made any reference to this kind of pulsation. 
His discussion applied only to the type of pulsation described in 
Mr. Hagen’s paper,® which is thought to be present in all fans 
and at all times and which results presumably from the discon- 
tinuous discharge from the fan blades or other similar source. 
With the type of instability to which Mr. Smith refers there is no 
definite performance of the fan; the conditions in the fan are 
changing violently and erratically. 

The author agrees with Mr. Peterson as to the greater reli- 
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ability of the nozzle for volume measurements; in addition, 
the measurements consume much less time. As Mr. Hagen 
suggests, the development of rectangular sheet-metal nozzles 
may reduce the cost of nozzles so much as to remove the objec- 
tion on the score of expense. The author is now investigating 
the rectangular sheet-metal nozzle to ascertain its coefficients and 
general reliability. Meanwhile, the use of egg-crate straighteners 
with an adequate length of duct and the proper specification of 
pitot tube should make pitot-tube volume measurements reliable. 

The recent work on pitot tubes, to which the author has al- 
ready referred in his reply to Mr. Hagen’s discussion, does not 
entirely support the suggestions of Mr. Madison for increasing 
the accuracy of the pitot tube. The results of this new work will 
be published before long. Mr. Madison is quite right in stating 
that an egg-crate straightener will not equalize flow; it will only 
take out the rotational component. If the axial component of 
flow approaching the straightener is greater at the bottom of the 
duct than at the top, it will remain greater after passing through 
the straightener. It is also true that the equalization of flow 
takes place more rapidly when the air is whirling. Consequently, 
if equalized flow is desired, it is preferable to have a long run of 
duct preceding the straightener rather than following it. The ex- 
perience of the author indicates that the increase in accuracy re- 
sulting from equalized flow before the pitot-tube station is very 
slight, but obviously there may be conditions of velocity distribu- 
tion in which a pitot-tube traverse will not average the velocity 
with sufficient accuracy. 

The advantages of rectangular ducts are well stated by Mr. 
Madison and on the score of cost and convenience, except for the 
long time required for readings, they are desirable. For ac- 
curacy, however, the author thinks that round ducts are prefer- 
able. If rectangular sheet-metal nozzles prove satisfactory, 
the use of rectangular ducts would certainly be indicated. 


The Economics of Preheated 
Air for Stokers' 


James W. Armour.? The authors, in their paper, by correct- 
ing for stoker area, ash content of the fuel, and the burning 
rate, have brought out very forcibly that preheated air is the 
major factor in causing high maintenance costs of stokers. _ 

They have pointed out some ways in which maintenance with 
preheated air can be reduced and of these there are two in par- 
ticular in which the stoker designer is interested. First, the 
design of the part itself and, second, the material which is used 
in the part. 

Many operating companies attempt to reduce maintenance by 
buying cast-iron parts from a local foundry. This practice has 
hindered progress in solving some of the problems relating to 
stoker maintenance. The design of a part with reference 
to its maintenance is very important and is well illustrated 
by experiments which are being conducted in connection with the 
grate surface of the Harrington traveling-grate stokers. 

A new grate surface was designed and installed on a stoker 
operating on anthracite and coke breeze. After a year’s opera- 
tion it appeared that these grate castings were an improvement 
over the old design from the standpoint of maintenance and 
appeared to have other desirable features with which we are not 
concerned as far as this particular discussion applies. As a re- 
sult of this year’s trial, we then undertook to install this grate 
surface in a number of other plants. One plant, burning bitu- 


1 Published as paper FSP-56-17, by R. E. Dillon and M. D. Engle 
in the December, 1934, issue of the A.S.M.E. Transactions. 
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minous coal on a traveling-grate stoker, had an installation requir- 
ing a rather high burning rate in quite a small furnace. Our 
grate castings lasted approximately one month. A change in 
design improved the life of these parts so that some of them have 
now been in service under exactly the same conditions in the same 
plant for nearly two years. This case is an exceedingly good il- 
lustration of what can be done on design alone, although such a 
vast improvement can hardly be expected in most cases. 

The question of material has received rather lukewarm at- 
tention in the past. A number of so-called “heat-resisting” 
irons have been put on the market with rather indifferent results. 
We know it is not possible to add a small amount of alloying 
metals to cast iron and materially increase the melting point of 
the iron, so we rather look askance at any claims for inexpensive 
“heat-resisting” iron. It would be very desirable if castings, 
having a melting point higher than any furnace temperature 
which could be produced in a stoker-fired furnace, were available 
at a reasonable cost. Such material does not appear to be 
available at the present time at a price which would warrant its 
use. 
There are, however, materials available which appear to give 
longer life and at a sufficiently reasonable price to justify fur- 
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Fig. 1 Tse Errect or GrowTH, AND GrRowTH PLUs OXIDATION 
on Test SamMpues or Cast [RON For STOKER Parts 


Sample 1 is an alloyed cast iron costing about four times the cost of or- 

nary castiron. Sample 2 is an iron which can produ for —— 

mately 25 per cent more than ordinary cast iron. Sample 3 is the ordinary 
run of cast iron.) 


ther investigation. We are now conducting an investigation into 
the economics of using alloyed cast iron to determine just how 
much improvement can be made without increasing the cost be- 
yond an economical point. This study has not progressed far 
enough to draw final conclusions, but it does show enough promise 
so you might be interested in a brief description of the trials. 

Realizing that fuel-bed conditions with underfeed stokers are 
very hard to maintain uniform and that burnouts of tuyére 
blocks may occur from causes having no bearing on the material 
of the tuyére blocks, we are confining our field experiments to a 
traveling-grate stoker where the fuel-bed conditions are fairly 
uniform. Aside from actual melting of the grate surface, we be- 
lieve it is generally accepted that furnace castings break down 
primarily due to growth of the castings and rapid oxidation at 
elevated temperatures. Our experiments have, therefore, de- 
veloped along the lines of obtaining growth-resistant iron and, 
in some cases, an iron which will resist oxidation. These factors 
may go together in the same iron. 

Eleven different mixtures were finally decided upon for a trial, 
these selected mixtures being based on recommendations of 
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various concerns and metallurgists interested in this particular 
problem. At the time the castings were poured test bars were also 
made, there being two test bars of each mixture. Enough grate 
castings of each mixture were made so as to cover a fairly large 
area, to eliminate the possibility of a condition which might oc- 
cur at any isolated spot affecting the trial. All the various eleven 
mixtures were installed on one traveling-grate stoker. Such 
a stoker is quite suitable for this test for, as the grate castings 
travel through the furnace and then back again into the front, 
they are subjected to repeated heating and cooling which is con- 
ducive to obtaining the greatest amount of growth and oxidation. 
These grate castings are now in service. 

The test samples have been subjected to laboratory tests which 
’ consisted of packing one sample in a box of iron filings so as to 
exclude the air and repeatedly heating it to 1500 F, and allowing 
it to cool. The other sample was subjected to the same heating 
and cooling process but in an oxidizing atmosphere. 

The laboratory tests have indicated that it is possible to ob- 
tain a casting which has very little growth over a period of 50 
cycles of repeated heating and cooling. As a rough estimate it 
is anticipated that castings can be produced for about 25 per 
cent increased cost which will give at least 50 per cent increased 
life. Such an estimate is subject to proof by the field tests which 
have not progressed far enough to draw any conclusions. The 
writer’s Fig. 1 gives some idea of the effect of growth and growth 
plus oxidation of the laboratory samples. 

Regarding the tuyéres, it is possible to make them of ordinary 
cast iron with that part exposed to the fire of a more expensive 
heat-resisting iron. With such an arrangement it might be pos- 
sible to use the higher alloyed irons without increasing the cost 
of the entire casting to a point where it does not become eco- 
nomical. 

The authors have mentioned the use of water sprays under 
the stoker. Steam has also been used with some success, but 
the use of either water or steam means a reduction in operating 
efficiency and, while this may relieve an existing condition, it 
would hardly be desirable for application on a new installation. 
The use of water-cooled tuyéres has been tried and shows some 
possibilities, providing the heat absorbed by the water can be 
economically recovered. All such devices add to the complica- 
tions of stoker design which stresses the point that where high 
preheated-air temperatures are desired, high maintenance cost of 
firing equipment can be avoided by the use of pulverized coal. 


JoHN VAN Brunt.*? While the general opinion has been that 
highly preheated air would cause higher maintenance on stokers, 
individual opinions differ as to what temperatures constitute 
highly preheated air. Some stoker manufacturers do not take 
exception to 400 F or even 500 F, while others are more conserva- 
tive and set the limit at 300 to 325 F. It has been my personal 
judgment that 325 F should be the limit unless the operating 
company is willing to accept the higher maintenance that ac- 
companies higher air temperatures. : 

This paper is particularly valuable in that it enables one to 
assign a specific figure to the maintenance cost due to preheated 
air instead of estimating or guessing. However, there are several 
thoughts and questions that came up as a result of a study of the 
author’s curves, answers to which might be of general interest: 

(1) In Fig. 1, why is the inference made that the maintenance 
is higher with 75-F air than with 200-F air? 

(2) In Fig. 2, showing the relation of stoker area to main- 
tenance, it is possible that the shape of curve A is due in part to 
the fact that the larger stokers are usually operated at higher 
combustion rates and with low-ash coal. If curve B were fur- 
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ther corrected for ash content of coal the corrected curve should 
be flatter, as there appears to be no other logical reason why size 
alone should affect maintenance to the extent shown. 

(3) The indications of Fig. 3 are logical, in that higher com- 
bustion rates are accompanied by higher fuel-bed temperatures. 

(4) Fig. 4 shows expected results, since ash serves as a pro- 
tection to fuel-bearing surfaces. The effect of ash content in 
coals used on chain-grate stokers is marked. The downward 
slope of curve B at the left may be questioned, inasmuch as it 
indicates that a zero-ash coal would be less damaging to grate 
than a coal with 8 per cent ash. An explanation of why this 
curve B touches zero at 14 per cent ash would be interesting. 

(5) Curves A and B in Fig. 5 do not compare with the ac- 
cepted understanding of the effect of air in cooling the grate. 
One would expect curve B to start at the left at about 7!/2 cents. 

(6) The values indicated by the points of Fig. 7 are probably 
due to the higher-volatile coals which are usually higher in ash 
than low-volatile coals. Perhaps the higher percentage of fixed 
carbon or coke in the low-volatile coals may be a factor. 

(7) In Fig. 10, summarizing the conclusions, curve B shows 
the same characteristic rise at low air temperatures as curve 
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A but to a greater degree; this I think requires further explana- 
tion, as I do not think it is safe to infer that 200-F air will re- 
sult in lower maintenance cost than 100-F air, to the amount of 
about 2 cents per ton. Logically, curve B should start at zero 
cents at 50 F and rise in a straight line tangent to curve B as 
plotted at about 235 F. 

The explanation of these peculiarities may lie in factors that 
were not available to the authors, such as banking hours, sudden 
dropping of load, composition of ash, fusion temperature of 
ash, and differences in operating. 

Some time ago we had occasion to investigate the tempera- 
tures of the grate surface of traveling-grate stokers. Fig. 2, 
in this discussion, shows the temperatures reached by the stoker 
keys at various points along the travel of the grate. The maxi- 
mum temperature, it will be noted, occurs at the point where 
ignition has penetrated through the fuel bed to the grate, which 
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is about 40 in. from the front end of the stoker. As soon as ash 
starts to form, the grate becomes protected from the incandescent 
fuel and the temperature rapidly drops to 300 F, and falls still 
further as the fuel bed is burned out. 

From this curve it is easy to understand why preheated air 
rapidly increases the maintenance. With 300-F preheated air, 
the temperature of the stoker grate at the point where it enters 
the furnace would probably be in the neighborhood of 200 F 
higher, and the peak temperature would probably also be 200 F 
higher. The base of the peak would be broader, consequently 
the key would be subject to a higher temperature and for a 
longer period of time. It would drop to about 500 F at a posi- 
tion corresponding to 300 deg on the slide. Our experience 
indicates that a short peak temperature of 1000 F or thereabouts 
does not result in unusually high grate maintenance, but if for 
any reason the high temperature is sustained for any consider- 
able time the maintenance increases very rapidly. 


M. J. Sevaya.* The maintenance costs and comparisons set 
down in the paper deal with equipment dating from 1925 up to 
about 1931. Boiler-room installations of eight and ten years 
ago were vastly different in construction and design from the 
modern equipment of today. Asa result of research and develop- 
ment, the modern underfeed stokers operate with much lower 
maintenance costs than the author’s general figures indicate. 

Advancement in the use of preheated air for stoker-fired 
boilers has been somewhat retarded during the last three or four 
years. The authors might well have mentioned that retrench- 
ments during this time by operating companies and others 
who in the past have shared in the development of boiler-room 
equipment, have limited comparisons, especially for the higher 
preheated-air temperatures. 

Inasmuch as records of stoker maintenance by different com- 
panies are not kept by one set method, a general breakdown of 
the figures given in the paper would indicate other conclusions 
than those presented. Station labor can either be direct on the 
stoker involved or the average for the station which would in- 
clude labor and overhead, even at times when no replacements 
are necessary. One case is known where an operating company 
uses a fixed labor charge of 10'/; cents per ton for maintenance. 
It is suggested that due to the many methods of bookkeeping in 
use, the material cost only would be a truer index for compari- 
sons. 

In 1925 an underfeed stoker was built and installed for 500 F 
air temperature. In an analysis covering an eight-year period, 
the maintenance costs were divided into 64 per cent for material 
and 36 per cent for labor. Another installation with the same 
500-F air was made to demonstrate its ability to burn some of 
the cheaper coals carrying ash with low-temperature softening 
characteristics. The maintenance on this stoker over an 18- 
months period, using the same fixed station-maintenance charge 
as on the older stoker, was divided into 49 per cent for material 
and 51 per cent for labor. The maintenance on extension grates, 
which was excessive on the first stoker, was eliminated to neg- 
ligible figures through the use of a new material, and the total 
maintenance on material was reduced by 50 per cent over the 
older stoker. It is worthy of note that the fixed labor charge 
per ton is more than the material charges. 

Stoker designers have compensated for the reduced temperature 
differential between the air and the iron, and they have studied 
the composition of the metal to eliminate cracking and growth. 
One case is known where a 75 per cent reduction in maintenance 
cost was effected by the exclusive use of manufacturer’s parts. 
It is probable that this item would affect the figures shown by the 
author. 


* American Engineering Company, Philadelphia, Pa. 


The authors offer a conclusion or prediction that up to 300 F 
the preheating of air supplied to underfeed stokers does not 
seem to increase maintenance above reasonable figures, but that 
there is a sharp increase above this point. The data available 
beyond 350 F is limited, and for this reason should not be taken 
too seriously. When the opportunities for studying the effects 
of high-temperature preheated air are exhausted, the maintenance 
figures will be lowered. 

The opinion is offered that correct operation is an important 
factor. This is well demonstrated by a plant which burns low- 
grade fuel up to 50 lb per sq ft of projected grate area with air 
temperatures up to 400 F, yet has a maintenance cost on material 
of 2cents per ton. This raises the question as to whether some of 
the figures quoted by the author do not include charges for experi- 
ment and test periods during which the equipment was subjected 
to unusual conditions, or times when the operators were inex- 
perienced. 

The main topic of this paper deals with the effect of preheated 
air on the underfeed stoker, although figures are presented on the 
chain-grate stoker. This is an unfortunate comparison because 
in most cases, chain-grate stokers burn coals having high ash 
content peculiar to certain localities. Underfeed stokers burn 
a great variety of coals. Studies indicate that no definite usable 
data can be derived from comparisons given for the different 
types of stokers. A direct comparison can only be made by 
burning the same classes of coal on the different types of stokers. 


GrorcE C. Eaton. At the Edgar Station, North Weymouth, 
Mass., experience has shown that air temperatures in excess of 
400 F are very damaging to a stoker because the distortion which 
results from such temperatures causes the stoker parts to crack. 
This appears to be consistent with the data plotted in Fig. 8. 

During a test at the Edgar Station, a coal with approximately 
11 per cent ash was burned and it was noticed that the stoker 
was damaged less than when New River coal containing 4 per 
cent to 6 per cent ash was used. On the other hand, we ap- 
parently had less stoker maintenance during a test run when 
mixtures of petroleum coke and New River coal were burned, the 
ash content of the mixtures being between 3'!/, and 4!/; per cent. 
These apparently opposite results are for but very short periods 
of time and are by no means reliable, although Fig. 4 seems to 
give them foundation. 

Considerable success has been attained at the Edgar Station 
in reducing stoker-maintenance costs by the use of ribbed side- 
plates to prevent warping, and by the development of an im- 
proved extension-grate design embodying a fixed and a moving 
section, no part of the grate extending at any time over the 
shingle grate. 


J. 8. Bennerr.* Although this paper will probably result 
in engineers making a more careful analysis of the high main- 
tenance cost of stokers, it unintentionally might have the effect 
of discouraging the use of higher preheated-air temperatures by 
continued reference to past performances without stressing at 
the same time the value of study and effort to solve the problem. 

Stoker manufacturers have been considering this problem 
for a number of years and many innovations have been intro- 
duced to reduce maintenance. One of these is a water-cooled 
stoker in which the tuyéres and overfeed sections are converted 
into air-admitting water-wall areas connected to the boiler cir- 
culation. Four of these stokers are in regular service and have 
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burned 11,000 tons of Illinois coal with an ash-fusing temperature 
below 1900 F. None of the water-cooled areas of the stoker 
have shown any signs of overheating. As a result of such de- 
velopments, greater advancement along this line can be expected, 
all of which will result in reduced maintenance cost of firing 
equipment that is exposed to high preheated-air temperatures 
demanded by modern equipment. 


T. E. Purcety.’? The authors have developed a curve showing 
the relation between air temperatures and stoker-maintenance 
costs. However, even after several corrections have been ap- 
plied to the data, the costs at 350 F of preheated air, for example, 
still vary by more than 15 cents perton. This shows the incon- 
sistency which still prevails in the stoker-maintenance-cost 
situation. 

Stoker-maintenance costs as used in the paper apparently in- 
clude all costs of repairing the entire stoker and drive whether 
or not the repairs can possibly be affected by preheated air. 
We should be mostly concerned with the effect of the hot air 
on the maintenance of the grate section where the damage 
actually takes place rather than on the entire installation. 

In addition to the factors mentioned in the paper, there are 
others which have significant effects on the final cost. Among 
them are the design and age of the stokers, the fusion temperature 
of the ash, sulphur content of the coal, the local labor rate, the 
cost differential between materials purchased locally or from 
stoker manufacturers, banking boilers, the skill and alertness of 
the operators, etc. We cannot hope to correct for all these fac- 
tors but nevertheless their existence complicates the problem. 

The paper presents corrections for some factors, among them 
being grate area and burning rate. The trends in the correction 
curves are logical, but I wonder if the curves have any real 
significance. Incidentally I may add that, owing to better design, 
the largest stokers our company operates have the lowest main- 
tenance cost even though the average burning rate is higher 
than it is on the smaller stokers. Perhaps if the cold-air stokers 
as well as the preheated-air stokers had been used in developing 
these correction curves, more points would have been obtained 
to confirm or perhaps to contradict their trend. 

There is some satisfaction, however, in the fact that the un- 
corrected curve for maintenance cost vs. air temperature does 
not differ greatly in slope from the one corrected for many of the 
variables. On the other hand, it is disturbing that design deci- 
sions must still be based on incoherent data, even though the cor- 
rected curve is used. 


R. L. Beers.? It seems to me that the authors do not go 
into sufficient details as to the fuels being used. It is generally 
conceded that chain-grate stokers are widely used for free-burn- 
ing, non-coking, high-ash coals, such as those mined in Illinois 
and Indiana; and they are not suitable for the coking, low-ash 
fuels such as those mined in West Virginia, Pennsylvania, and 
Eastern Kentucky. For the latter fuels, the underfeed stoker 
has proved without question to be best suited. The paper does 
not state whether any of the chain-grate stokers were burning 
low-ash Eastern fuels, but if data on such plants were available 
it is believed that the maintenance costs would be very much 
higher than for the underfeed and the efficiency would be much 
lower. With a low-ash, low-fusing-and-coking coal a chain- 
grate stoker will not stand up even with air at room temperature 
unless a high percentage of excess air is allowed to pass through 
the fuel bed at the rear end. Preheated air and a chain-grate 


7 General Superintendent of Power Stations, Duquesne Light 
Company, Pittsburgh, Pa. Mem. A.S.M.E. 

8 Vice-President in Charge of Engineering, Detroit Stoker Com- 
pany, Detroit, Mich. Mem. A.S.M.E. 


stoker with this fuel would make an unsatisfactory combination. 

It is difficult to make comparisons on the results of stoker 
installation as there are so many variable factors that enter. 
Two plants, exactly alike, will produce different results. The 
skill of the operators, load conditions and variation in the fuels 
may give entirely different results. The ash percentage is not 
always the important point. The burning characteristics of the 
fuel, the fusing temperature and quality of the ash are also very 
important. To make the comparison just, the two types of 
stokers should be operating under the same types of boilers with 
equal load conditions and with the same fuels. 

It seems to me that the maintenance figures given for the under- 
feed stokers are very high. Possibly there are some factors 
entering that are not given in the paper. Quite frequently 
most of the damage to an underfeed stoker occurs during short 
periods and not under normal operation. This might occur 
when starting up quickly from a banked fire without having the 
retorts filled with green coal or in carrying very high peak 
loads. 

The maintenance is no doubt important but there are other 
items, such as efficiency and flexibility that may more than off- 
set thisitem. Furthermore, in making maintenance comparisons, 
the maintenance of ignition and mixing arches, not used with 
underfeed stokers but required by chain-grate stokers, should be 
included. The maintenance of these arches may be an appreci- 
able item. Also, they cut down the radiant-heat transfer from 
the fuel bed to the boiler tubes, tending to lower the boiler ef- 
ficiency and capacity. 


H. E. Kuerre..® In order to simplify the problem of ascer- 
taining the main factors that contribute to the maintenance costs 
of stokers, I would suggest we use the amount of fixed carbon 
burned per square foot of grate surface per hour as a basis of 
comparison, correcting for area of grate surface and temperature. 
This, I believe, would be a better basis of comparison than using 
the pounds of coal burned per square foot per hour, the per cent 
volatile, per cent ash, and the excess air. 

The authors have indicated that stations burning coals high 
in ash and volatile content appear to have lower maintenance 
costs than stations burning coal with low-ash and volatile con- 
tent. This may be explained by the fact that with coals high 
in ash and volatile there is less fixed carbon in the coal to be 
burned on the grate surface, the volatile being distilled at rela- 
tively low temperatures and burned in the furnace chamber, the 
coke being carried along with the ash burning on the surface of 
the grate until the carbon content is consumed, the ash affording 
protection to the grate surface, if it does not become molten. 
Ash having a relatively low fusing temperature if allowed to be- 
come molten will contribute to higher maintenance costs and 
stoker outage, this being aggravated by high air temperatures. 

If the use of the fixed carbon burned per square foot of grate 
surface per hour, as a factor shows a logical relationship between 
maintenance and air temperature, it might be of further interest 
to make a comparison between the maintenance of chain-grate 
and underfeed stokers on this same basis, using the effective 
grate area. By that I mean the total grate area through which 
air passes for combustion, for underfeed stokers being approxi- 
mately 80 per cent of the projected area and for chain grates over 
twice the projected area of the fuel bed. 

This may afford a clue to the effectiveness of alternate cooling 
for the large-area chain-grate surface and also indicates the high 
duty imposed on the underfeed-stoker’s stationary-grate surface 
at high combustion rates and provides data for the stoker de- 
signer for future consideration. 


9 New York, N. Y. Assoc-Mem. A.S.M.E. 
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I. E. Moutrrop.’° It has been rather disappointing to find 
that there is a definite upper limit to the preheating of air if the 
maintenance costs are to be kept within reasonable bounds. 
When the design of preheaters reached a practical stage, it fol- 
lowed that the way was clear for the station designer to go to 
almost any limit in forcing the capacity of the stoker and boiler 
in order to keep down capital expense without sacrificing too 
much in heat rejected in the stack. Now we find that this hy- 
pothesis is not true and the station designer must very carefully 
consider this point in planning a low-cost, economical station. 

In reference to maintenance expense, I believe that some of 
this is due to lack of induced-draft fan capacity. Many station 
designers in the past have erred in not installing sufficiently large 
induced-draft fans. Now that we have substituted a fan for the 
chimney, the fan is the limiting factor and if the forced-draft 
fan is run beyond the capacity of the induced-draft fan the result 
is bound to be a certain bottling-up of heat in the furnace which 
must be detrimental to both the metal parts of the stoker and 
the refractories of the furnace. 

Here is a most urgent need for intensive research work to pro- 
duce a material to be used in those stoker parts subjected to the 
hot air and heat from the fuel bed, which will stand up for a 
reasonable length of time and which will not clog up with slag 
adhering to the upper surface of the tuyéres, and which will be 
reasonably cheap in first cost. 

If we believe some of our optimistic business friends, the time 
is coming very soon when the utility companies will have to 
think about increased capacity and it would be a pity to have 
to use stokers handicapped by an absurdly low limit of air tem- 
perature. 


B. C. Matiory.!' It is interesting to note that the main- 
tenance of stokers with cold air is as much as with average air 
temperatures of 300 F. It would be interesting to know the 
average length of time the various stokers ran continuously for 
it seems that this may have a bearing on the maintenance cost. 
In our case, each stoker had three outages during the year 1933. 
That meant that whenever the stokers were out of service all parts 
that did not appear able to stand four months more service had 
to be renewed. 

We have found that in changing from one kind of coal to 
another, it may be necessary to carry a differently shaped fuel 
bed, and that maintenance costs go up until the new coal has 
been burned for several months. Such an item should be con- 
sidered as a charge against the possible saving in the differ- 
ence in coal prices. 


Current Practice in Pressures, 
Speeds, Clearances, and Lubri- 
cation of Oil-Film Bearings’ 


ALBERT H. Datu.? The author’s pressure-velocity diagram 
is an ingenious summation of current practice as related to Mr. 
Kingsbury’s optimum data on 120-deg bearings.* The viscosity 
alignment charts, together with Mr. Kingsbury’s data, constitute 


10 Chief Engineer of Company and Superintendent of Construc- 
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1 Published as paper MSP-56-2, by H. A. S. Howarth, in the De- 
cember, 1934, issue of the A.S.M.E. Transactions. 

2? Engineer, Research Department, Cincinnati Milling Machine 
Company, Cincinnati, Ohio. Jun. A.S.M.E. 

3 “Optimum Conditions in Journal Bearings,” by A. Kingsbury, 
Trans. A.S.M.E., vol. 54, 1932, paper RP-54-7. 


design criteria sufficient for any oil-film bearings operating at 
optimum conditions of load or friction. However, the designer 
must choose the minimum film thickness and from this choice 
determine the bearing clearance and the viscosity of the oil to 
be used. It is regarding this choice of minimum film thickness 
that the writer wishes to cite a few experimental facts which it 
is hoped will be pertinent to this discussion. 

It has been stated repeatedly in bearing literature that the 
minimum oil-film thickness must be governed by practical con- 
siderations. These considerations may be summed up briefly 
as being the initial degree of perfection of the two surfaces 
involved, and the distortion of these surfaces by whatever 
stresses may be set up in use. Another deciding factor is that of 
maintenance or decay of the quality of these surfaces with usage. 

Recent advances in the art of precision grinding have made 
it possible commercially to produce finishes on journals, which 
are comparable to lapped surfaces. Such surfaces are now 
being produced in mass-production industries such as the auto- 
mobile industry. Very accurate and smooth bearing surfaces 
can now be produced by diamond boring or scraping. The initial 
quality of the surfaces can therefore be attained without exces- 
sive cost. The maintenance of these surfaces is essential if a 
small minimum film thickness is chosen. 

Experiments at the Cincinnati Milling Machine Company 
have shown that the use of the so-called high-lead bronzes assists 
greatly in the maintenance of the original surfaces even when 
used with comparatively soft-steel journals. 

The process by which this combination of materials tends 
to maintain, and in some cases improve the quality of the 
surfaces, can be explained on the basis of chemical facts. Min- 
eral oils in general are neutral. However, it has been found that 
the acidity of oils increases with use. This acid reacts with the 
free lead in the bearing to form a metallic soap which coats the 
surface of the journal and bearing. This coating protects the 
surfaces when contacting occurs for short periods, such as starting, 
instantaneous over-loading or in short periods of oil deficiency. 
The production of sludge is very slight except in cases of exces- 
sive moisture. Thus the sole advantage of the so-called ex- 
treme-pressure lubricants is partially realized without any of 
the inherent disadvantages of this type of lubricant. 

If the bearing is designed so that the distortion in service is of 
a negligible order, the use of the foregoing methods of producing 
and maintaining the surfaces may well modify the past prac- 
tice of bearing clearance. As the author points out, the co- 
efficient of friction and, therefore, the power loss varies directly 
with the minimum film thickness for any bearing running 
under optimum conditions. It is obvious, therefore, that 
any means which tend to decrease this minimum will be desir- 
able. 


Austin Kuuns.‘ The oil-film type of bearing is astonish- 
ingly reliable and efficient. It is capable of excessive overloads 
and considerable misalignment and abuse without signs of 
distress, provided it is supplied with sufficient lubrication. 

As a result there is a wide diversity of opinions by different 
students about the best proportions for these bearings, every one 
of which is based upon the irrefutable argument of successful 
operation. The power losses through the bearings are so small 
and so difficult to measure that the relative merits between them 
can hardly be distinguished. 

It is the belief of the writer that Mr. Howarth’s work will re- 
sult not only in simplification and standardization but that it 
will lead us to better designs, especially to shorter bearing 
lengths which can compete more successfully with the anti- 
friction bearing. Every experienced engineer has observed oil- 
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film bearings carrying extraordinary loads and has been led to 
the conclusion that the sizes used today, even though considerably 
reduced from the standards of a decade ago, are far larger than 
necessary. 

The writer recalls one gear drive which he inspected a short 
time ago which had been “starved” of oil to the point where the 
bearing metal had melted and run away except for a few small 
fins which, due to subsequent copious lubrication, had supported 
the journal loads for a considerable period of time. Each high 
speed bearing was 3'/; in. in diameter rotating at 500 rpm re- 
sulting in a rubbing speed of 458 fpm. The bearing pressure 
figured approximately 3500 Ib and the combined length of the 
unmelted babbitt strips did not exceed */, in. The writer has 
records of a number of installations which because of changes in 
driving units have been operating continuously under overload 
conditions of 100 to 300 per cent. In no instance have the bear- 
ings failed. 

It is the hope of the writer that Mr. Howarth will not only 
place great weight on his emphasis of the absolute importance 
of correct and sufficient lubrication but that he will be able to 
simplify the specifications for the lubricating oils and establish 
an expression which will include the desired characteristics in 
terms of fundamentals which will avoid the use of trade names. 
Such a specification cannot be expressed in words of one syllable 
but the importance of reliable and efficient bearings and com- 
pactness in design justifies its study by intelligent engineers 
and their familiarity with its use in practice. 

From a study of the material given in Mr. Howarth’s paper 
and a comparison with our own practice, it is clear that the 
journal clearances which we use are less than the average. As 
manufacturers of gear and power-transmission products, the pro- 
portions and clearances of our bearings are adjusted for that 
particular class of service. Also, for convenience and as an aid 
to standardization we use as far as possible bearings for which we 
already have drawings and patterns. 

The average clearance which we use for bearings larger than 
3.5 in. is 0.001 in. per in. of diameter. For the smaller bearings, 
the clearance is specially selected for the particular type of 
service. 

Our own specifications of the lubricating oil are today identi- 
fied by S.A.E. numbers. Selection of the oil is based more upon a 
consideration of the gear-tooth loads than upon bearing clearances 
and rubbing speeds. For the quantity of oil required we specify 
as a minimum 0.007 gal per min per in. of projected area. 

Generally speaking S.A.E. 40 is used with bearings over 8 in. 
in diameter and S.A.E. 30 for bearings under 8 in. in diameter. 
For the higher speeds S.A.E. 30 is used entirely. 

Naturally we have given considerable thought to the supply 
and distribution of the lubricating oil to the bearing surfaces. 
We are confronted with different requirements imposed upon us 
by practical consideration of our designs, and must arrange our 
bearings for ring oiling, collar oiling, gravity or pressure circula- 
tion as the individual installation requires. 

It is comparatively simple to deliver the lubricating oil to 
the bearings, but it requires careful study to distribute this oil 
from the entering ports to the areas of contact or pressure. This 
distribution is accomplished by the action of the rotating journal 
in the bearings. It is assisted by cutting grooves or reservoirs 
with long sloping chamfers ahead of the pressure areas. The ar- 
rangement of these grooves and chamfers has provided an out- 
let for a great deal of practical ingenuity in design. Every ar- 
rangement is reliable and effective if it distributes the oil in 
sufficient quantity and facilitates its pick-up by the rotating 
journal. 

In permissible bearing pressure, expressed in pounds per inch 
of projected area, consistency in our designs is confused by the 


necessity for standardization and utilization of existing drawings 
and patterns. 

For the heavy-duty bearings where the rubbing velocity is 
beiow 2000 fpm the pressure per inch of projected area lies be- 
tween 60 and 80 lb, although occasionally for practical reasons 
pressures as high as 100 lb are used. The usual method of 
lubrication is by ring or by collar. 

At the higher velocities where positive oil circulation is in- 
cluded and where the rubbing speeds are well in excess of 2000 
fpm the bearing pressures per inch of projected area are seldom 
under 120 lb and are frequently as high as 160 lb. 

The relation between bearing length and diameter is in- 
fluenced by the dimensions of the supporting housing. Usually 
the length is 1.5 times the diameter for the slower speeds and 
from 1 to 1.25 times the diameter for the higher speeds. 

In discussing the design of oil-film bearings, it frequently is 
customary to ignore the rigidity of the housing in which the 
bearing shells are fitted and the accuracy with which the entire 
unit is machined. Presumably it is assumed that these items 
will be as nearly perfect as possible but unfortunately experience 
has shown that serious misalignment of the bearings occurs under 
operating conditions due to weakness in the housing. As bear- 
ings become shorter this tendency to weakness is increased. 

In closing, the writer wishes to point out the rapid reduction 
in the viscosity of the lubricating oil with the rise in bearing 
temperature. The temperature usually falls between 130 F 
and 150 F which introduces a wide variation in operating con- 
ditions. It is the writer’s opinion that far too little considera- 
tion has been given by designers to the close control of this factor 
of temperature. 


E. S. Pearce.’ Our research in the bearing field has been 
confined to the railway-car journal bearing. This bearing be- 
longs, for want of a better classification, to the no-clearance, 
single-directional-load class of bearings. 

In our five years of work we have found so much that was con- 
trary to the accepted theories and practices concerning the design, 
operation and maintenance of this type of bearing that we feel 
quite sure the margin of performance between what is now being 
obtained and what could be accomplished is great. 

Analyzing the paper by Mr. Howarth in the light of the fore- 
going experience, it seems quite logical to conclude that the 
situation we have found is not unique to the particular field of 
bearing application which we have been investigating. Practices 
and theories of design seem to be predicated more on opinion 
than on facts. While the bearing is a vital part of the construc- 
tion, the design has hinged more on what has worked before 
than on what could or might be found to work. 

Fig. 1 in the author’s paper, when analyzed from the stand- 
points of the railway-car bearing, brings to light some very 
interesting comparisons. For example, in the case of the 5'/s 


’ X 10-in. journal bearing supporting a total load of 16,375 lb, 


we find that the total bearing area could be a maximum of 45 
sq in. If we applied the author’s method of calculating pro- 
jected area for arriving and the value P, pressure in lb per in., 
this area would be 49'/;sqin. But on account of the fact that the 
bearing is an arc of less than 180 deg, the area can never exceed 
45 sq in. 

With this area of 45 sq in. and the total load of 16,375 lb, P, 
the pressure in lb per sq in., is 364 lb. V, the rubbing speed in 
feet per minute, has a value of 134!/, fpm at 10 mph, and 941.5 
fpm at 70 mph of a 36-in. car wheel with a 5'/; X 10-in. journal. 
Under this comparison, the bearing would fall in the group of 
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stationary-engine bearings at 10 mph, and in the group in which 
it is shown, railway cars, at 30 mph and above. 

This bearing with 45 sq in. and a unit load of 364 lb per sq in. 
at 10 mph has a coefficient of friction of 0.00610. Expressed in 
another way, it offers a rolling resistance of 1.86 lb per ton. 
This same bearing by special construction limited to a crown area 
or bearing area of 22'/, in., or a unit load of 728 Ib per sq in. at 
a speed 70 mph with a velocity of 941.5 fpm, has a coefficient of 
friction of 0.00449, or a rolling resistance of 1.38 lb perton. This 
bearing under its high loads and high speeds would then fall 
in the class of gas-engine main bearings on the chart of the au- 
thor’s Fig. 1. Under both conditions cited, the performance of 
the journal bearing is not a limiting factor in the operation of the 
unit equipment of which it is a part. 

The above comparison by no means represents extremes. 
The same car-journal bearing may have to operate at pressures 
as low as 100 lb per sq in. and at journal velocities under 134 
fpm. Under another condition it may operate in excess of 
1000 lb per sq in. and at journal speeds of 1000 fpm or any com- 
bination of the two. Whereas, in all other groups of bearings 
illustrated in Fig. 1, the bearings operate under more or less 
constant loads at constant journal speeds. 


F. P. Dantstrom.® In the determination of bearing capaci- 
ties and clearances we have profited much by the study of papers 
and bibliographies submitted to the Society by the members of 
the A.S.M.E. Special Research Committee on Lubrication. In 
addition, we should also include those submitted by the indi- 
vidual members to other publications, for example, the S.A.EZ. 
Journal, and the Bulletins of the Pennsylvania State Coliege. 

It is realized that most of the papers so mentioned deal with 
hydrodynamic principles of bearing operation, that is, with con- 
ditions which occur when the shaft is rotating in its bearing. 

While much has been done in the study of boundary conditions 
of lubrication, in which the phenomena are determined solely 
by the nature of the lubricant and the component bearing ma- 
terials, the results cannot yet be used by those who design 
industrial bearings. For example, regardless of the intrinsic 
lubricating value of many lubricants, we are limited in the case 
of automobile, Diesel-engine, turbine, and rolling-mill bearings 
to the use of an oil that is stable and that will separate readily 
from water. So far as the writer knows, the only available 
lubricant which meets this requirement is a highly refined mineral 
oil. 

In determining the safe carrying capacities of bearings we 
agree with many other designers that the minimum oil-film 
thickness is the important criterion. Methods of its calculation 
have been used by us based on the data submitted by Professor 
Karelitz and the members of Mr. Kingsbury’s organization. 

From the design data which has been submitted, we note that 
in many cases the clearance ratio varies from 0.001 to 0.002. 
These values are the result of many years of experience. From 
calculations which we had made of minimum oil-film thickness re- 
sulting from various clearance ratios it seems that the clearance 
ratios noted are also justified by theory. 

Having established a clearance ratio (and assuming that the 
usual L/D ratio is 1) our bearings are now geometrically similar. 
This statement leads logically to the pioneer work of M. D. 
Hersey in which he showed that the performance of geometrically 
similar bearings could be compared by acharacteristic number now 
recognized as ZN/P. Subsequent careful work by S. A. McKee 
and T. R. McKee at the Bureau of Standards showed consistently 
that the breakdown of the oil film occurs when the value of 
ZN/P is less than a certain amount. The actual value in part 
depends on the bearing metal used and may be 5, or less. In 
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determining the safe carrying capacity of a bearing it seems 
reasonable to state that the minimum oil-film thickness will 
be sufficiently large if the operating characteristic ZN/P is 
greater than 10, where Z is the viscosity in centipoises, N the 
speed in revolutions per minute and P the unit bearing pressure 
in pounds per square inch of projected area. 

As one possible suggestion for future work: In so far as the 
hydrodynamic theory of lubrication of journal bearings is con- 
cerned all investigators are dealing with the same phenomenon, 
that is, one cylinder rotating within another. It would thus 
seem that several of the results of experimental work done to 
date might still be further correlated. (After hearing the papers 
and discussions presented at the 1934 A.S.M.E. annual meeting, 
the writer realizes that this is considered important by others.) 
As an example of what is meant, the writer calculated the theo- 
retical eccentricity of a journal bearing for various values of 
ZN/P. For each value of eccentricity the frictional resistance 
of the bearing was next estimated. A curve of coefficient of 
friction vs. ZN/P was then plotted and this curve much re- 
sembled those obtained experimentally by S. A. and T. R. McKee. 

In presenting the chart shown in Fig. 1, Mr. Howarth has given 
the engineer a very useful tool for checking his bearing designs. 

The values of P and V for a given condition are first located 
on the chart and from this located point a diagonal line is ex- 
tended to the scale for Mr. Kingsbury’s optimum conditions. 
One interesting conclusion is now apparent. Having established 
the optimum condition, the value of V can be altered at will, 
and if we alter the value of P accordingly, the points so obtained 
will lie in the same diagonal line. This means that for any 
given optimum condition the capacity of a bearing is proportional 
to, that is, it increases with, the speed. 

The diagonal lines in the chart which give the product of P 
and V are at right angles to the construction line noted for deter- 
mining optimum conditions. This means that if P X V is as- 
sumed to be constant, the capacity of a bearing decreases with 
the speed. 

This second statement is directly opposite to the first. Mr. 
Howarth has stated in his paper that the PV rule by itself has 
little to recommend it. 

The rule, PV = a constant, was proposed by Thurston seventy 
years ago. Thurston’s constant, 60,000, was based on a bear- 
ing coefficient of friction 0.10. Thus, the formula means that, 
with a constant load, the size of the bearing must be increased 
as the speed is increased in order to dissipate the heat developed, 
and, judging from the coefficient of friction, the formula is not 
one for designing bearings, but really is one for designing brake- 
shoes. 

The chart which Mr. Howarth has shown, which is obviously 
the result of much study, will be of much value to us in design- 
ing lubricated bearings. 


Grorce B. Kareuitz.?’ Mr. Howarth undertook a formid- 
able task, indeed, in attempting to collect and correlate the bear- 
ing practice of manufacturers of various types of machinery. It 
is interesting to note that experience, as well as trial-and-error 
method which have prevailed in designing bearings, often brought 
results in agreement with those which might be recommended on 
the basis of the hydrodynamic theory. For instance, the rule 
making the clearance in high-speed bearings equal to 0.002D was 
established by practice. It can be observed from data on friction 
that with an increase of clearance the friction decreases substan- 
tially up to a clearance value of 0.002D, after which the gains in 
friction are not great; at the same time, the minimum oil-film 
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thickness does not vary appreciably with the ratio of the clear- 
ance to diameter in the range from 0.001 to 0.002. 

Referring to Table 5 in the paper, on the basis of the computa- 
tions given by Boswall, and side-leakage correction factor by 
Michell, a convenient formula for minimum oil-film thickness in 
thrust bearings can be derived: 


is the minimum film thickness in in. 

u is the absolute viscosity of oil in lb see per sq in. 
U is the surface speed in in. per sec 

l_ is the length of shoe in in. 

P is the load in lb per sq in. of shoe 


This formula is in close agreement with film-thickness values 
given in Table 5. 

Referring to the desirable practice of selecting oils by absolute 
viscosity rather than by commercial viscosity, it will be necessary 
to produce first a reliable and simple instrument to measure the 
absolute viscosity. The latest attempt to bring such an instru- 
ment on the market was described in The Engineer (London) 
vol. 158, July 27, 1934, p. 95. However, until an instrument 
comparable in simplicity to a Saybolt viscosimeter is available, 
a serious and practical obstacle will stand in the way of abolish- 
ing the Saybolt viscosities. 


Everett M. BarsBer.* Mr. Howarth has assembled a wealth 
of useful and practical data on bearing design and practice. In 
Fig. 1, he has so correlated these practical data with the hydro- 
dynamical theory of lubrication that it is possible to deter- 
mine the bearing proportions and oil viscosity that are required 
to give optimum bearing performance over a wide range of load 
and speed conditions. 

The selection of a lubricant that will have the proper viscosity 
at the running temperature of the bearing is of fundamental 
importance in the application of these data. To aid in this 
selection, the author has provided a very satisfactory method 
of obtaining the commercial viscosity specifications for the 
lubricant when the required absolute viscosity and the running 
temperature of the bearing are known. The required absolute 
viscosity is readily obtained from the author’s Fig. 1. However, 
the running temperature of the bearing, i.e., the temperature at 
which the lubricant must have this viscosity, must be obtained 
from direct measurements on the bearing in question, or from 
experience with other similar bearings. 

In speaking of the viscosity corresponding to the running 
temperature of the bearing, the author, of course, means the 
viscosity corresponding to the temperature existing in the load- 
carrying oil film in the clearance space between the bearing and 
the journal. This temperature is difficult to measure. However, 
it is the temperature at which the lubricant is used; and if reli- 
able results are to be obtained, it is important that the oil 
viscosity be chosen so that it will correspond to this temperature. 

Several years ago while engaged in a_lubrication-research 
project at the Engineering Experiment Station of the Pennsyl- 
vania State College, the writer attempted to measure the tem- 
perature in the oil film of an experimental bearing.» Two 
methods of temperature measurement were employed, as follows: 

(1) A  copper-constantan thermocouple, insulated in a 
bakelite plug, was placed in the bearing so that the junction of 
the couple was flush with the babbitt surface of the bearing. In 


8 Mechanical Engineer, The Texas Company, Beacon Research 
Laboratory, Beacon, N. Y. 

® “Investigation of Journal Bearing Performance,” by E. M. Barber 
and C. C. Davenport, Bulletin No. 42, The Pennsylvania State College. 
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fact, the plug which was */,. in. in diameter, and the thermocouple 
bead which was bedded into the face of it, formed a part of the 
bearing surface. 

(2) A mercury thermometer was inserted in an oil-filled 
thermometer well which was so placed that the bulb of the 
thermometer was about 5/15 in. from the babbitt surface of the 
bearing. 


Bo.r Thermocouple Leads 
4, 
iN! Bakelite Plug 
Wires Cemented 
holes 
Thermocouple Bead 
Babbitt Surface Bedded in Bakelite Flush 
with Bearing Surfece 
Thermometer we // Bo/t to hold Bakelite 
Jin place 
Thermo couple 
Die Leads 
2.4950° 
Circumferentia/ Grooves 
towhich oi wes Supplied Babbitt 
SreEEL SHELL 
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THERMOCOUPLE POS/TION IN DEGREES 


Fic. 2. TEMPERATURE MEASURED BY THE THERMOCOUPLE PLOTTED 
AGAINST THE CIRCUMFERENTIAL PosITION aT WHICH 
THE TEMPERATURE MEASUREMENTS WERE MADE 
(The temperature was measured by a copper-constantan thermocouple in- 
sulated in a bakelite plug in the test bearing. Viscosity of test oil: 320 
Saybolt sec at 100 F; 48 Saybolt sec at 210 F; A.P.I. gravity 22.6 at 60 F. 
Speed, 200 rpm.) 
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TABLE 1 COMPARISON OF TEMPERATURES AND CORRESPONDING VISCOSITIES MEASURED BY THE THERMOMETER 
AND THERMOCOUPLE IN THE TEST BEARING UNDER A WIDE RANGE OF OPERATING CONDITIONS 


Test number 1 2 

Speed (rpm) 800 800 
Load (lb/sq in. of projected area) 109 160 
Eccentricity factor 0.798 0.855 
Thermocouple temp: 


Leading edge, F 100 101 

Trailing edge, F 113 115 
Viscosity corresponding to thermocouple temp: 

Leading edge (centipoises) 64.5 63.8 

Trailing edge (centipoises) 59.0 54.3 
Average of viscosity at leading and trailing edges 61.8 59.0 
Temperature measured by thermometer, F 96 96.5 
Viscosity corresponding to thermometer reading 74.0 73.5 
Excess viscosity corresponding to thermometer over aver- 

age viscosity corresponding to thermocouple, per cent 19.7 24.5 


A schematic diagram of the bearing is shown in the writer’s 
Fig. 1. The enlarged insert shows the arrangement of the 
thermocouple. The position of the thermometer well is also 
indicated. The bearing itself was a cylindrical steel shell lined 
with babbitt, with the principal dimensions shown. 

Except for the circumferential grooves to which the oil was 
supplied at either end, the bearing surface was plain. The 
bearing was so arranged that it could be moved circumferentially 
without releasing the load, and being a plain cylinder, it always 
presented substantially the same surface to the load. With this 
arrangement it was possible to obtain a complete circumferential 
traverse of the oil-film temperatures with the one thermocouple. 

In the writer’s Fig. 2 are shown several of the curves of tem- 
perature (as measured by the thermocouple) plotted against 
the circumferential position at which the temperature measure- 
ments were made. It will be noted that around the are of the 
pressure-carrying oil film there was a very marked and steady 
increase in temperature. This temperature increase was, of 
course, due to the cumulative heating effect of the work of fric- 
tion as the oil was carried through the clearance space. On the 
“off,” or unloaded, side of the bearing the oil was cooled to the 
inlet temperature again by mixing with fresh oil from the supply 
grooves. 

As the thermocouple was moved from position to position 
around the bearing in 10-degree increments, the temperature 
change recorded by the thermocouple was as nearly instantaneous 
as it was possible to balance the potentiometer, and over a period 
of as much as thirty minutes the reading for any given position 
did not change appreciably. 

In view of this responsiveness and steadiness of the readings, it 
is believed that the thermocouple was adequately insulated from 
the surrounding bearing shell and recorded very nearly the oil- 
film temperature. Obviously, this method could not measure 
the temperature gradient from the surface of the bearing to the 
surface of the journal. However, it apparently measured a 
temperature that was a reasonable average of the film tempera- 
ture at each point around the circumference of the bearing. 

Table 1 gives a summary of similar measurements made at 
speeds of 800, 1600, and 2400 rpm, with loads of about 100 to 300 
Ib per sq in. of projected bearing area. Texaco Regal Oil C, 
having a viscosity of 320 sec at 100 F; 48 sec at 210 F; and an 
A.P.I. gravity of 22.6 deg at 60 F, was used in all tests. In 
addition to the test conditions, the table gives the inlet and 
outlet (of the load-carrying oil film) temperature and the corre- 
sponding viscosity and the numerical average of the inlet and 
outlet viscosity. It also gives the temperature as measured by 
the thermometer, and the corresponding viscosity. The final 
line gives in percentage the amount by which the viscosity corre- 
sponding to thermometer reading exceeds the average viscosity 
as measured by the thermocouple. 


R. O. Boswall'® has shown that the error introduced by assum- 


10 Theory of Film Lubrication,’’ by R. O. Boswall, Longmans 
Green & Co., New York. 


3 4 5 6 7 8 9 10 11 12 
800 800 1600 1600 1600 1600 2400 2400 2400 2400 
209 281 106 127 188 244 109 
0.880 0.915 0.770 0.825 0.859 0.880 0.750 0.787 0.817 0.862 


102.108 119 115 120 124 121 123 123.5 126 
1160117 128 125 131 139 133 135 138.0 142 


62.5 59.0 36.0 40.2 35.0 32.0 34.5 33.0 33.5 29.0 
53.5 50.6 28.3 30.5 26.0 21.5 25.0 23.0 22.0 19.9 
58.0 54.8 32.2 35.4 30.5 26.8 29.8 28.0 27.8 24.4 
96.5 97 114 107 116 115 115 115 113 117 

73.5 72.0 42.0 52.5 39.0 41.5 41.5 41.5 43.8 38.0 
26.7 31.4 31.7 48.3 27.9 54.8 39.3 48.3 57.6 55.7 


ing a constant viscosity equal to the numerical average of the 
inlet and the outlet is negligible. Therefore, the percentages 
which are listed in the last line of Table 1 represent the error that 
would have been involved in the viscosity measurement had the 
viscosity been taken as that corresponding to the temperature 
measured by the thermometer. 

An extremely high degree of accuracy in measuring the viscosity 
of the lubricant in the oil film is not essential because the film 
thickness and the coefficient of friction do not vary directly as 
the first power of the viscosity, but, as the author’s figures indi- 
cate, to a considerably less important extent. However, the 
differences of 20 to 60 per cent between the viscosity measured as 
that corresponding to the temperature recorded by a mercury 
thermometer placed very close to the bearing surface, and the 
average of the inlet and outlet viscosities corresponding to the 
temperatures as measured by the thermocouple, represent a sig- 
nificant difference. These data indicate that it probably is not 
satisfactory merely to stick a thermometer in the oil reservoir or 
against the bearing shell, as is frequently done, and call the read- 
ing so obtained the running temperature of the bearing. 

The temperature measurements made by the thermocouple at 
the leading and trailing edges of the load-carrying oil film in this 
experimental bearing should correspond to the oil temperatures 
that occur in the chamfered reliefs usually placed at the leading 
and trailing ends of commercial bearings. In this case the aver- 
age viscosity of the oil film could be taken as equal to the numeri- 
cal average of the viscosities corresponding to the temperatures 
measured at these points. The writer has no data on this point 
and it is offered merely as a possible satisfactory procedure. 

In Figs. 1 and 3 of Mr. Howarth’s paper, he has produced a very 
useful and practical tool for bearing designers and lubrication 
engineers and his definition of bearing running temperature and a 
satisfactory method of measuring it should be of considerable 
interest to those who desire to apply these data to practical bear- 
ing problems. 


R. J. S. Picorr.!. The writer has read with a great deal of 
satisfaction this further valuable contribution on bearing lubrica- 
tion. Engineering, as a whole, is as yet too largely an empirical, 
rather than rational, branch of science, and the design of bear- 
ings has hitherto been one of the worst cases of empirical methods. 

When we consider that the behavior of bearings is influenced 
by length, diameter ratio, clearance, speed, location of oil feed, 
quantity of oil, viscosity, load, misalignment, and last, but by no 
means least, heat-removal by other means than the lubricant, 
the complexity of analytical methods is apparent, particularly 
since none of the factors is completely independent of one or more 
of the others. 

The writer has been convinced for some time that the mere 
use of pressure and rubbing speed was a relatively loose and in- 
complete criterion, the use of a friction coefficient even worse; in 
fact, often quite misleading. It is always useless to predicate the 


11 Staff Engineer, in charge of Engineering, Gulf Research & 
Development Corporation, Pittsburgh, Pa. Mem. A.S.M.E. 
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design of any engineering device on two factors, when six or eight 
are involved. For example, it was customary, for a century, to 
treat pipe flow as a function of velocity and size only; conse- 
quently water, steam, gas and air formulas all differed, and there 
was no correlation. Reynolds’ basic contribution was neglected 
for thirty years, and then swept the field. By taking into account 
density, viscosity, and finally roughness, we can now use a single 
formula for any fluid from molasses to hydrogen. 

The writer had occasion to attempt the direct computation of 
liquid leakage and friction in rotary pumps and motors. Many of 
the cases involve conditions very similar to those in oil-film bear- 
ings. The results were so close to test performance that the latter 
can be predicted from a paper design within one or two per cent of 
the actual test. Much of the work will prove useful in bearing 
analysis. 

We have also carried out analyses and tests in the laboratory 
on flow from a point source to a surrounding field edge, and the re- 
sults of this work will ultimately be available for analysis of the 
effect of oil feeds and grooves. 

It is clear that the rationalization of bearing design must come 
along the path taken by Mr. Kingsbury, Mr. Howarth, and their 
associates. But to render the final development authoritative 
and beyond question, it seems to the writer that we must have one 
more device—a bearing- and lubricant-testing machine that will 
test actual bearings, and yield results that do not require inter- 
pretation or extrapolation. The fault that may be found with 
most testing machines so far used is that they use idealized bear- 
ings or sometimes a structure not even faintly resembling a bear- 
ing; in many cases, results on one machine do not agree with 
those on another. Another objection is that none of the machines 
permits a real pressure, temperature, or leakage search; many do 
not even give journal displacement. We are developing a ma- 
chine that we hope will overcome these disadvantages. 

Mr. Howarth should not only be congratulated, he should be 
heartily thanked, for another valuable study of the subject. 


A. F. UnpErwoop."? The collected material that is presented 
in Mr. Howarth’s paper is interesting in that it shows the lack of 
uniform bearing design. This may be a necessity when it comes 
to actual bearings in practice because our experience has shown 
that bearings which do not conform to the best theoretical de- 
signs often run better than when mathematically correct. We do 
not mean to imply that the theory should be neglected but rather 
that it is best used as an indicator, especially in the design of new 
bearings. As a specific example, theory shows that the bearing 
should be rigid to maintain the correct C/D ratio. Yet it is well 
known that the flexible cap of an automobile-engine connecting 
rod will sustain a much higher load than the upper half of the rod 
which is much more rigid. The reason for this apparent anomaly 
is that, in the case of the cap, the oil film is distributed over a 
larger area of babbitt, thereby increasing the fatigue life of the 
material. 

In spite of the nearly universal use of the pressure-velocity 
factor for bearing design, it is not a criterion of bearing perform- 
ance. It does become a measure of the heat loss in a bearing if it is 
in turn multiplied by the coefficient of friction. A number of fac- 
tors affect the coefficient of friction, and, unless these factors all 
balance so as to give comparable values of coefficient of friction, 
the use of the pressure-velocity factor in bearing design may be 
very misleading. 


AvUTHOR’s CLOSURE 


In addition to the distortion of bearing surfaces by loading 
conditions, as pointed out by Mr. Dall, there is the distortion 


12 Power Plant Section, Research Division, General Motors Cor- 
poration, Detroit, Mich. 
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caused by temperature change. With this in mind, Mr. Dall’s 
three considerations which influence one’s choice of minimum 
film thickness become (1) initial perfection, (2) subsequent 
distortion, and (3) durability. 

Durability depends upon careful application of the lubricant 
and the protection of the bearing films against injury and con- 
tamination which obviously means that laboratory conditions 
must be realized in service. In other words, the bearings 
must be made fool-proof. 

Several interesting comments offered by Mr. Kuhns include 
definite additions to the author’s chartable data. With re- 
gard to the specification of lubricating oils, the author indorses 
Mr. Kuhns’ hope that sometime it will be easier to obtain oil 
by simple description instead of by brand name. The 8.A.E. 
numbers which he mentions are a step in the right direction 
but they do not go far enough. These numbers are given in 
Fig. 3 of this discussion, which has been revised from Fig. 7 
of the paper, to cover the range needed to show the 8.A.E. winter 
oils 10-W and 20-W. Further refinements are inevitable in the 
description of oils by numbers that have a real meaning. The 
addition of 10-W and 20-W to the 8.A.E. numbers is but a step 
in that direction. 

Mr. Pearce has given useful data that may well be added to 
that already charted. The author’s use of the projected area 
of the journal as a basis of comparison for journal bearings was 
based upon its simplicity. No simple basis of comparison would 
afford an absolutely true picture of the facts, because of the 
variety of angular reactions of the bearing films to the journal 
for different bearing arcs, and because of pressure variations 
throughout the film. Hence, it is believed by the author that 
as long as the bearing-are limitations are kept in mind for each 
class of bearing, the simpler method of tabulation is the better 
one to use. 

The friction coefficients given by Mr. Pearce seem to include 
also the rolling friction of the wheel on the rail, if the author 
interprets correctly the statement, “Expressed in another way, 
it offers a rolling resistance of 1.86 lb per ton.” If such is the 
case, direct comparisons with optimum bearing conditions are 
difficult to make. 

The wide variation in operating load upon a bearing is not 
limited to the railroad field. It is found in every machine tool 
in which the rate of material removal is inconstant. In fact, 
in a machine tool the bearings are subjected to greater variation 
of load than in a rail car because while the latter has the mini- 
mum though considerable dead weight of the car body, bearings 
in a machine tool carry loads that are almost wholly due to the 
working process undertaken, which vary from zero to the maxi- 
mum. For these reasons the tabulation of data is made on the 
basis of the normal operating loads the bearings are designed to 
carry. 

The author appreciates the value of plotting test results on 
the basis of ZN/P as suggested by Mr. Dahlstrom, who recog- 
nizes Mr. Hersey as having pointed out the value of such a 
combined variable in 1915. Mr. Kingsbury® has given definite 
optimum ratios of the friction coefficient \ to a similar com- 
bined variable +/(uN/Po) for each of his bearings. These 
range from 0.45 to 0.53 for clearance bearings with arcs varying 
from 60 to 120 deg. Transforming the » to Z will give ratios 
of 4/(ZN/P) for optimum bearings, lying between 2.3 and 
2.8 X 10-4 when corrected for side leakage under the assumptions 
that the bearings are square, i.e., the length is equal to the width. 
Out of this ratio we cannot obtain any useful low points for 
reference, but merely a straight line extending to the origin, 
unless we select a clearance ratio or a minimum film thickness 
with relation to journal diameter. Proceeding to do this, we 
find that the value of the friction coefficient for the square 


= 

te x 

| 
4 

"4 
| 

\ 

| 
| 

= 

yee 

j 


DISCUSSION 361 
TEMPERATURE — CENTIGRADE 
4302005 
10000}-300 
5 ly 
SA NSA NS 000 +150 
4/0 YEA AA 4 iS 
IN RAN S NN 3300 Eg We 
= 5250 [5 
~ F L100 
38.3 R TN TN TN Tis TN 
60 80 40 160 180 200 220 WO °°) 
Hot TEMPERATURE - FAHRENHEIT SCALE gr 
VISCOSITY TEMPERATURE CONVERSION |FOR APPROXIMATE SAYBOLT-FUROL 3%) 
FOR MINERAL OIL SPECIFICATION \oF UNIVERSAL SECONDS 5a) KURE< 


Fie. 3. Viscosiry-TEMPERATURE CONVERSION CHART FOR MINERAL-OIL SPECIFICATION 


(A revision of Fig. 7 of the paper extended to include all the S.A.E, numbers now in use. The intersections for determining the location of the dot-and- 
ash lines were calculated mathematically as against a graphical method employed in Fig. 7.) 


bearing for optimum conditions will be from 2.4 to 3.0 times the 
clearance ratio. Hence, there is no theoretical bar to the coef- 
ficient of friction reaching zero. 

Therefore, when a limit is arbitrarily placed upon the value of 
ZN/P, below which we dare not go, or are unable to go, we admit 
that there is a similar limit in the perfection of workmanship 
that is practicable or possible. The author, therefore, believes 
that it is wise to face the whole problem at once, and not to over- 
rate the correlation of data on charts, the coordinates of which 
are merely the coefficients of friction \ and the combined variable 
ZN/P. The clearance ratio must be known to properly interpret 
such data. 

A formula for minimum film thickness, such as derived by 
Professor Karelitz from works of Michell and of Boswall for flat 
surfaces, can be deduced readily for clearance or fitted journal 
bearings from symbol groups No. 10 published in Mr. Kingsbury’s 
“Optimum Conditions in Journal Bearings.’’* A proper con- 
stant or series of constants, if more than one be needed, for de- 
termining desirable actual minima, must be based on experience. 
Mr. Kingsbury’s experience with his thrust bearings yields the 
minimum film-thickness values which are given in Table 5 of 
the paper. 

The point stressed by Mr. Barber is an important one and 
requires considerable space for its complete discussion. It was 
this fact that led the author to limit the paper to the relation of 


load and friction to the mean viscosity of the film. This was 
a definite step forward and it did not seem wise to try to cover 
adequately at this time the variations of viscosity throughout 
the grooves and baths of bearings. 

The experiments to which Mr. Barber refers were made with a 
shell designed to simulate the lubrication conditions in a full 
bearing so far as they can be brought about in a finite bearing 
operating in an atmosphere of moderate pressure. The shell 
was designed to explore the distribution of pressures and tem- 
peratures and the shore lines of the film natural to such a bearing. 
Hence, it would be difficult to apply the results reliably to a 
partial bearing formed between two oil channels. These chan- 
nels can be used for cooling the bearing, or merely for oil supply, 
when the cooling is done by water or by conduction to the air. 
Hence it would be better to seek more comparable temperature- 
distribution data by experimenting on shells designed to operate 
like those of the bearings in the machine that is subject to in- 
vestigation. 

The machine that Mr. Pigott mentions as being developed by 
the Gulf Research and Development Company will be studied 
with great interest by bearing engineers when it is ready for the 
market. Resulting from the experience possessed by Mr. 
Pigott and others of his company, it is to be expected that this 
will not be “just one more machine”’ to be set aside as inadequate. 

The statement of Mr. Underwood that a connecting-rod cap 
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Fig. 4 Viscosiry-CoONVERSION CHART FOR MINERAL-OIL SPECIFICATION 


(A revision of Fig. 6 of the paper extended to include all the S.A.E. numbers now in use. 


A mathematical, rather than a graphical method was also em- 


ployed for determining the scales of this figure.) 


carries load better than the stiffer part backed by the rod is 
quite interesting. The difference may be due partly to better 
alignment and partly to the hammock-like surface it presents to 
the pin. This suggests that a better rod design might be one 
with a head consisting of two caps held to the rod with a pair of 
bolts. 

In addition to Fig. 3 of this discussion, offered by the author 
to extend the range of Fig. 7 of the paper to include all the S.A.E. 
numbers now used, there is also offered a revision of Fig. 6 of 
the paper. This new chart, Fig. 4 of this discussion, covers the 
same field as Fig. 3 of the discussion, and has been revised, as 
was the latter, to be more accurate than the original. The 
intersections which determine the locations of the dot-and-dash 
lines of Fig. 7, and thereby the special scales of Fig. 6, were 
located graphically, and were, therefore, subject to minor errors 
because of near parallelism. Therefore, a more accurate way 
of locating them was sought with the result that J. F. Spiegel, 
one of our engineers, evolved a mathematical method for calcu- 
lating the intersections that is much more accurate than the 
graphical method. The redetermination of these intersections 
occupied a number of weeks. The results, however, warranted 
the time expended because Fig. 3 and Fig. 4 of this discussion 
are apt to be widely used. This seems reason enough for repeat- 
ing them. Obviously, if the paper is ever rewritten only the 
better set of charts need be included. 


Tractive Effort of Steam Locomotives 
(Locomotive Ratios—IT)' 


A Grest-GIEsLInGEN.? It is gratifying that Dr. Lipetz in 
response to the discussion evoked by his paper of two years ago,* 
has furthered the development of his method for evaluating 
locomotive tractive effort in order to make it adaptable to 
cylinders with widely varying proportions. The earlier paper® 
stated that his method was suited to locomotives of normal 
modern proportions and, assuming only limited fluctuations in 
relative dimensions of boiler and machinery, a single curve of 
moduli was developed to answer this stated purpose. 

Meanwhile, locomotives have been cited which, with relation 
to boiler capacity, have cylinders that are as much as, or more 
than, 50 per cent larger than those upon which the curves in the 
earlier paper® were based. In the paper being discussed, Dr. 
Lipetz established correction curves in order to accommodate such 
cases. The writer fully endorses the use of a standard curve of 
moduli for locomotives with normal cylinder proportions, and of 


1 Published as paper RR-56-6, by A. I. Lipetz, in the December, 
1934, issue of the A.S.M.E. Transactions. 

2 Assoc-Mem. A.S.M.E. New York, N. Y. 

3 “Horsepower and Tractive Effort of Steam Locomotives” (Loco- 
motive Ratios), by A. I. Lipetz, Trans. A.S.M.E., vol. 55, 1933, 
paper RR-55-2, p. 5. 
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correction curves expressing the deviations in case cylinders of 
other proportions are provided. However, he suggests some 
changes in the author’s curves. 

The author’s Fig. 5 shows his correction curves as a function 
of the locomotive characteristic K, which established a yardstick 
for the relation between boiler capacity and cylinder size. (See 
author’s Equation [10].) It is obvious that larger cylinders 
mean a smaller value of K. The author assumes that no cor- 
rections should be applied for values of K equal to 14.26 and 
over, but if the cylinders are enlarged so as to result in values of 
K smaller than 14.26, then his corrections begin and rise very 
sharply at first and then at a diminished rate. This is not 
logical. 

To better illustrate the case, reference is made to the writer’s 
accompanying Fig. 1 which was drawn for the New York Central 
4-6-4 type locomotive, class J-1. In this graph, the abscissa shows 
the values of K, each point corresponding to a certain cylinder 
volume and K = 15.28 corresponding to the locomotive’s actual 
cylinder of 25 in. diameter. The heavy line indicates the Lipetz 
correction curve for 50rpm. According to Dr. Lipetz we can now 
enlarge the cylinders until K = 14.26 and d = 25.9 in., with- 
out having to apply any correction to tractive power or per- 
formance. But if we increase the diameter only '/2 in. further 
to 26.4 in., tractive power according to the author should jump 
6.7 per cent for 50 rpm. 

We are also allowed to assume a smaller cylinder, perhaps 
equaling the proportions of locomotive No. 1 in the author’s 
Table 4 for which K = 16.88. Therefore, d = 23.8 and, 
according to the author, no correction would be applied. If we 
would now enlarge the cylinder again, the author’s correction 
curve for 50 rpm would imply that a diameter increase of 2.1 in. 
(a volume increase of 18.5 per cent) will not influence tractive 
power, but if we add another 2.1 in., reaching 28-in. diam, tractive 
power will jump 16 per cent. This is clearly impossible. The 
correction curve cannot have an edge at K = 14.26 but must be 
a smooth curve of some kind and, if K = 14.26 actually charac- 
terizes the cylinder proportions for which the 1932 moduli are 
valid, the proper correction curve will cross the zero line at that 
point as indicated by the tentative broken line for n = 50 rpm. 

How large shall the correction be for any point where K 
differs from 14.26? In his 1932 paper* the author develops 
his method by first obtaining a curve of steam production vary- 
ing with revolutions per minute in accordance with well established 
(even though not quite undisputed) experience, and then ob- 
taining horsepower and tractive effort by establishing a curve of 
steam consumption per indicated horsepower-hour also drawn 
against revolutions per minute. These two curves were then 
combined into one representing the Lipetz moduli. The as- 
sumption of a definite figure for steam consumption per indicated 
horsepower-hour at a given speed implies (among other things) 
that there is, for each given number of revolutions per minute, 
a definite relation between the volume of the consumed steam 
and cylinder volume; this will be the case if K = = is the 
same for all engines. If an engine has larger cylinders, then a 
smaller cut-off must be used to consume the given steam volume 
and, at least at moderate speeds, better utilization of the steam 
and higher output will result. The amount of steam generated 
by the boiler is practically uninfluenced by cyliader size, and if 
we do not wilfully change the basic curve of steam production 
established in the 1932 paper,*® then the changing rate of steam 
consumption per indicated horsepower-hour is the only factor 
determining the correction curves for the Lipetz moduli. It is 
interesting to note that the Kiesel formulas as presented by Mr. 
Vincent in his discussion of the 1932 paper give a very good 
answer to this problem: by a simple transformation of the KV- 


formulas and by making Pw const. 506, we can write the KV- 
formula in the following form: 


H 
Cs = 13.9 + 58.9 —— 
VPin 


where C; is the steam consumption (excluding auxiliaries), lb 
per ihp-hr; H is the boiler steam available for the cylinders, 
lb per hr; V is the combined volume of all cylinders, cu ft; 
P, is the boiler pressure minus 10 lb; and, n is the speed, rpm. 
If we substitute 96 per cent of the boiler pressure for P;, and the 
denominations used by Dr. Lipetz, then we obtain 


E 
Cs = 13.9 + 61.3 — 
Vpon 


E 

where vn corresponds to the locomotive characteristic K 
po 

established by Dr. Lipetz. Within the scope of the Lipetz 
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moduli, the KV-formula for steam consumption so developed 
very well represents the trend of steam consumption for varying 
factors on the right side of the equation, and it is helpful in 
calculating the correction curves for the Lipetz moduli. Thus, 
correction curves for 50, 100, and 200 rpm are tentatively shown 
in Fig. 1 of this discussion. A tentative curve for 400 rpm is 
illustrated as an example to indicate that the trend will be re- 
versed at very high speeds; this region is, however, entirely out- 
side of the scope of both the present Lipetz moduli and the 
KV-formula. 

Dr. Lipetz, in his present paper, does not limit himself to 
corrections derived from the changes in the rate of steam con- 
sumption. He applies much greater corrections at low speed 
(50 rpm), arbitrarily chosen to suit the performance curves 
presented by Mr. Vincent. Thus, for locomotives with large 
cylinders he abandons the boiler evaporation curve used as a 
basis in his 1932 paper, and leaves us without a clue as to what 
is expected from the boiler at low speed, except for saying that 
the boiler has to be “forced.” The explanation for this forcing 
as given on page 926 of the author’s paper is purely psycho- 
logical: it is claimed that the engineer is induced to force the 
boiler at low speeds. But certainly there is no necessity of 
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forcing it because the cut-off could be shortened sufficiently, 
just as rather small cylinders will permit forcing at higher speeds 
if the engineer should choose to lengthen the cut-off. To clear 
up this confusing situation we have to go back to the premises 
in the author’s 1932 paper wherein Dr. Lipetz defined his per- 
formance curves as those obtained when a good engineer pilots 
the engine so as to develop a “reasonable maximum” performance. 
Later he determined overall thermal efficiency for such a case 
and found that it lay in the neighborhood of 6 per cent over the 
whole range of speed. This gave the reasonable result that an 
engine crew operating a locomotive at a good high rate without 
overstraining it, deriving its judgment from such observations 
as: ease in holding the steam pressure, clearness of the stack 
gases, sound of the exhaust, etc., is operating it at a fairly con- 
stant rate of overall efficiency. Under these conditions an 
average curve of steam production is obtained which at low 
speeds (50 rpm) remains considerably under the figures which 
hold at higher speeds (200 rpm), not as an absolute necessity 
perhaps, but as a good practical result in average cases. By 
taking such an average evaporation curve as a function of 
revolutions per minute and relating it to the Cole evaporation, 
a definite basis of steam production is obtained, to be used 
uniformly for all locomotives with modern boilers. This method 
is very practical. Two different locomotives can be compared 
on such a basis because it is known how much steam each one is 
expected to generate, and if one of them should fall short of 
power it is possible to determine whether the fault lies with the 
boiler or with the steam engine. 

With the author’s 1934 correction curves, this important 
advantage has been lost. Each cylinder size, for values of K 
less than 14.26, implies a different and unknown rate of steam 
production; even though correction curves for the corresponding 
steam production could be established, our basis of comparison 
would become too involved to be practical. Moreover, the sup- 
position is now that steam engine and boiler are working at a 
“forced” rate at low speeds while they are working at a “‘reason- 
able” rate at high speeds. There is none or only a small reserve 
capacity at low speeds and 15 to 20 per cent reserve capacity 
at high speeds, while with the 1932 basis of a definite evaporation 
curve we knew that we had the reserve capacity over the whole 
range of speed. 

That the engine crew is “induced” to work the boiler harder 
if the locomotive has larger cylinders is true to a limited degree, 
but this applies to the whole range of speed. Even if this 
influence were of any importance we had better neglect it 
in order not to upset our basis of comparison. But there cer- 
tainly cannot be an inducement for the engineer to operate the 
larger cylinder with an even greater cut-off than the smaller 
cylinder as implied by the author’s correction curve for n = 
50; see Fig. 1 of this discussion. It is seen therefrom that a 
3.8 per cent increase in cylinder volume (from d = 25.9 in. to 
26.4 in.) can give the 6.7 per cent increase in performance cor- 
responding to the author’s curve only if the cut-off for the larger 
cylinder is lengthened by about 3 or 4 per cent, which is not 
logical. The author’s corrections in the neighborhood of 2 
= 50 have apparently been brought about by the desire to suit 
the performance curves presented by Mr. Vincent. This, how- 
ever, was not necessary because we knew that the Vincent curves 
correspond to a state of greater forcing with small or no reserve 
capacity over the whole range of speed. Incidentally, this is 
brought out well by the author’s example of the Boston & 
Albany locomotive. If the new correction curves would be 
applied to it, the calculated performance at n = 50 would be 
15 per cent over the road performance and therefore excessive. 
Dr. Lipetz explains that since this engine has 60 per cent limited 
cut-off the cylinders could be called about normal, although K 
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= 12.27, and he indicates that no correction should be applied. 
But since he applies the full correction to the Pennsylvania 
Class I-1s locomotive with only 55 per cent limited cut-off, and 
likewise to all other examples, it would be inconsistent not to 
do the same for the Boston & Albany locomotive. However, 
the 1934 correction method would destory the coincidence be- 
tween calculated and test figures if this were done. 

In conclusion, the writer makes the following recommenda- 
tions: 

1 To use a uniform curve of steam production for all loco- 
motives. It might be investigated whether the 1932 curve is 
not a few per cent too low at low speeds, and whether it is not 
falling off slightly too fast at high speeds, but it should be re- 
tained in principle. 

2 To apply corrections for cylinder size merely in accordance 
with the rate of steam consumption per indicated horsepower- 
hour. 

3 To adopt the inclined Vincent curve of cylinder tractive 
effort and to use the straight line only if adhesion is the limiting 
factor. However, I feel with the author that the “transition 
curve” is too arbitrary and may better be omitted. 

In this way the point of intersection between cylinder and 
boiler tractive effort will not be at 50 rpm as arbitrarily chosen 
by Dr. Lipetz for all large-cylinder locomotives, but its location 
will be a function of cylinder size as it should be. 

The great merit of the Lipetz moduli lies in the ease with 
which they can be adapted to progress in locomotive design. 
Perhaps we should not try to adjust the moduli to all the loco- 
motives which have been cited by Dr. Lipetz and his discussers. 
Some of these are no longer modern in their steam engines and 
all have widely differing draft appliances. With all our progress 
in steam-locomotive design we have not yet come to sufficiently 
uniform and accepted design rules. For instance, I cannot agree 
with Dr. Lipetz on his definition of over-cylindered locomotives; 
under-cylindering is more frequent. But a _large-cylinder 
locomotive requires a better design of valve gear, steam passages 
and draft appliance and also better balancing and lighter working 
parts than we usually have. Under-cylindering covers up de- 
ficiencies in design, but of course it manifests itself in deficient 
performance and economy. 

Here is a splendid opportunity for the Association of American 
Railroads. Individual builders and railroads have not suf- 
ficient staff nor the means to fully investigate the subject, nor 
are their views likely to be generally accepted. If the Associa- 
tion diligently assimilates the information now available here 
and abroad, the writer ventures to say that we would have 
standardized, highly efficient designs ready before a new rush 
in locomotive building starts. We would eliminate a great 
deal of the uncertainties which today manifest themselves in so 
many unjustified miscellaneous differences in locomotive design 
and proportions and cause an entirely unnecessary waste of 
money in manufacture, upkeep, and operation of our modern 
locomotives. 


Dr. R. Exsercian.* The Cole method for the power propor- 
tioning of locomotives was at its introduction of fundamental 
value in rationalizing the relations between boiler and cylinder 
capacity and coordinating horsepower and _tractive-effort 
speed relations. It gave a measuring stick of the performance of 
a locomotive in terms of a horsepower unit. 

With improvements in the design and proportions of loco- 
motives, and the requirements of more accurate data as to power 
performance, the inadequacy of the Cole method was felt by all 
locomotive engineers. For instance, the unit horsepower by 


4 Edward G. Budd Manufacturing Co., Philadelphia, Pa. Mem. 
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the Cole method was based on a cylinder steam consumption 
(including auxiliaries) of 20.8 lb of steam per hp-hr, and the 100 
per cent boiler was such as to evaporate sufficient steam to 
supply the cylinders in developing a rated cylinder horsepower 
at 1000 fpm piston speed. 

Aside from lower steam consumption in modern power, one 
difficulty of the method, however, was that it gave no real 
procedure of estimating the variation of horsepower against 
speed. For instance, at the lower speeds, with longer cut-offs, 
the cylinder steam consumption increases and there is a decrease 
of the evaporative yield of the boiler. At piston speeds around 
250 fpm, the possible horsepower might fall considerably below 
60 per cent of the rated horsepower at 1000 fpm. 

Dr. Lipetz, in his Locomotive Ratios I,* recognized the 
need for a modification of the Cole method and its rationalization 
to a consistency with the performance of modern power. While 
it was recognized that cylinder steam consumption is a function 
of cut-off, speed, and proportions of cylinder design, Dr. 
Lipetz also brought out the point that evaporative yield was a 
function of decreasing speed at the lower speeds. This latter 
deduction was based on the fact that in locomotives investigated, 
the actual steam consumption of the cylinders fell short of the 
evaporative capacity of the boiler at the higher speeds. Using 
the Cole evaporation value as unity, he introduced a coefficient 
8 to take care of this varying evaporative yield. The evaporative 
yield at 50 rpm was about 65 per cent of the maximum yield at 
200 rpm. Considering the increased cylinder steam consump- 
tion at the low speeds, it was possible to evaluate a modulus 
M, used in the present paper, which, when multiplied by the 
Cole evaporation value gives the horsepower. 

The variation of the modulus M,j really accounts for the va- 
riation in horsepower against speed, and was deduced from 
actual performance data of road locomotives, nearly all of which 
had long starting cut-offs. In large-size cylinders with limited 
cut-off, the variation in the total modulus M>, or the cor- 
responding tractive-force modulus M; may be different. We can 
have, in effect, the shifting of the maximum part of the horse- 
power curve to a lower speed range and the criterion of the 
performance of such engines at 200 rpm no longer holds. The 
original early cut-off locomotives were designed for slow drag 
service and their performance became very much limited at the 
higher rotative speeds, under which conditions their boiler 
performance was undoubtedly inadequate. 

A matter of considerable importance to the writer appears to 
be whether or not in long cut-offs at the low-speed range, the 
power percentage of horsepower when compared with the peak 
horsepower of 200 rpm is due more in part to evaporation de- 
ficiency or to limitation of cylinder performance itself. After 
all, we know only that at 50 rpm the horsepower is roughly a 
given per cent of a rated horsepower at 200 rpm. With due 
allowance for increased steam consumption at the lower speeds, 
the total steam demand of the cylinders still falls short of the 
boiler evaporation at its normal rating at 200 rpm. But, do 
we know whether this is chargeable to cylinder limitations or 
reduced evaporation at the lower speeds? Now, assuming the 
boiler proportioned to the cylinders, or vice versa, at 200 rpm, 
then it is usually found that the cylinder tractive effort falls 
short of the boiler tractive effort, assuming the boiler evapora- 
tion constant at its rated value at 200 rpm. If the cut-off is 
lengthened, wire-drawing becomes excessive and the card factor 
results in a mean effective pressure practically the same as with 
a somewhat earlier cut-off. The increased steam consumption 
for the longer cut-off practically yields no increase of tractive 
force. In such a case it would appear that the cylinder perform- 
ance may possibly be the limiting factor in a low-speed range of 
-50 rpm and not the boiler. 


It can be seen, therefore, that the relative proportions of boiler 
and cylinders in the low-speed range may not be entirely limited 
to an assumption of limited evaporation of the boiler alone with 
due allowance for increased steam consumption of the cylinders. 
It would appear that we might have cylinders with considerable 
variation in steam consumption with very little change in the 
maximum mean effective pressure at the low speed of 50 rpm 
and in such a case, even with an unlimited boiler capacity, the 
tractive force could not be increased. 

One difficulty appears to be that cylinders proportioned for 
one operating high speed, say 250 rpm, and consistent with the 
evaporation for that speed, may be quite different from cylinders 
proportioned against evaporation for operating speeds at 180 
rpm. In the latter case, assuming the same evaporation and 
roughly the same cut-off for minimum steam consumption 
(neglecting the difference of wire-drawing for the two speeds) 
the cylinders will be larger than the former, so that the author’s 
K will be smaller. 

As an extreme case, let us consider a locomotive with an 
operating speed at 90 mph, with 84 in. drivers and thus an 
operating rpm around 360. With orthodox but long-travel 
valves, economical cut-off may be around 20 per cent or lower. 
Assuming a suitable card factor for wire-drawing, condensation 
effect, etc., we arrive at given cylinder proportions. Such 
cylinders may be inadequate for starting conditions, resulting 
in a high factor of adhesion. The boiler capacity would be 
sufficient to sustain long cut-offs for a considerable range at 
the low speeds, but wire-drawing would cause a drop in tractive 
force irrespective of boiler capacity. In this case, with low 
operating speeds say from 40 to 80 rpm, the tractive effort 
would appear more limited by cylinder size than boiler adequacy. 

With locomotives as discussed by Dr. Lipetz operating 
at 200-250 rpm, the demand on the boiler usually comes at a 
critical speed around 50 rpm. With limited cut-off locomotives, 
and, therefore, with large-size cylinders required for starting 
conditions, the cylinder steam consumption would be too great 
and therefore inconsistent with the evaporative capacity of the 
boiler at 200-250 rpm. With the lower steam consumption ef- 
fected by the shorter starting cut-off, the rated starting tractive 
effort can be nearly maintained at 50 rpm with less demand on the 
boiler than for longer starting cut-offs. On this basis a boiler 
proportioned for this condition would be inadequate for high 
operating speeds. 

With increasing tendencies toward higher operating speeds 
from 200 to 250 rpm coupled with the desire for maintaining 
more economical steam consumption at the lower speeds by the 
use of shorter cut-offsin this latter range, the danger of inadequate 
boiler capacity is apparent particularly when the boiler adequacy 
is based on its sufficiency at 50 rpm. Dr. Lipetz has given 
us an interesting and most ingenious analysis for providing 
boiler adequacy for this latter condition. If the rated tractive 
effort T; gives the tractive effort Tis based on boiler adequacy, 
this condition will insure adequate boiler capacity for operating 
speeds around 200-250 rpm. 

While the writer is more or less in agreement with Dr. Lipetz’ 
analysis, he would appreciate the author’s consideration of the 
following point. Reviewing the basic analysis 
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From test data at a given n, he obtains 8H, this data being 
obtained mostly for locomotives with a long starting cut-off. 
Knowing the power developed or tractive force, he obtains 
Se (or Sr). Taking 8 = 1, at say 200 rpm, he obtains E, 
and compares or corrects for Cole’s original evaporation con- 
stant E.. Therefore, at some lower speed he obtains 8 from the 
power developed and the steam consumption Se. At 50 rpm, 
the tacit assumption is that the power developed is entirely 
limited by the boiler evaporation capacity so that knowing 
Saso, the coefficient Bs. is obtained and likewise the modulus 
M:, which also could be obtained directly. If now we assume 
the locomotive limited by cylinders rather than by boiler capacity 
at 50 rpm, then 80 would not necessarily be the true evaporative 
coefficient. With large cylinders and more economical cut-off 
at starting, aside from Sa being decreased, if the true 8s were 
greater than assumed by the author’s deduction, M: would be 
greater and therefore the boiler adequacy 7 would appear im- 
proved. 

Now, of course, as the speed increases where there can be no 
question about cylinder-performance limitations, the values of 
the author’s 8 obtained must greatly increase in precision. After 
all, the question of boiler adequacy is more dependent on condi- 
tions at operating speeds. With large-size cylinders, economical 
cut-offs at these higher operating speeds would be around 20— 
25 per cent or the same as with long cut-off locomotives. For 
this reason adequate boiler capacity would demand somewhat 
larger boilers for speeds around 200-250 rpm and the ratio 
of horsepower to initial tractive force would increase as compared 
with long starting cut-offs. 

With slow heavy drag service as on grades, etc., the power 
developed at such low speed ranging from 50-80 rpm, is of 
particular interest. In this case it is of importance to ascertain 
whether cylinder performance limitations or boiler capacity is 
the more critical limitation. 

The writer would prefer the analysis of performance simply 
on the formulas 


125.0008 | 


with more test considerations as to 8, Sa for different speeds, 
cut-offs, etc., and further analysis of limiting values of M; at 
very low speeds. It would be interesting to consider E. for 8 
= 1 at several operating speeds, and the variation of 8 and Sa 
for different speeds relative to the particular operating speeds 
considered. 


Lawrorp H. Fry. For judging locomotive proportions Dr. 
Lipetz offers his locomotive characteristic K which is equivalent 
to E-/Vps, where E- is the Cole boiler evaporation. Un- 
fortunately, Dr. Lipetz does not give in either the present paper 
nor in his earlier paper* complete information for computing this 
Cole boiler evaporation. 

The writer believes it is unnecessary and undesirable to use an 
assumed figure such as E, in comparing boiler and cylinder pro- 
portions. Dr. Lipetz concedes something in this direction by 
saying: “....a constant very similar to K, but with the boiler 
evaporation replaced by He, the evaporative surface in square 
feet 

= H./ Vpo 


may also be very useful for comparative purposes.” 
The writer suggested, in a paper read before the New York 
Railroad Club in 1903, a boiler factor very similar to the above. 


5 Railway Engineer, Edgewater Steel Company, Pittsburgh, Pa. 
Mem. A.S.M.E. 


This was B = T,/H., where 7; is the rated tractive effort in 
pounds. B and 6 are inversely proportional to each other. B 
has the practical advantage that it is computed from the rated 
tractive effort, and an additional calculation to find the cylinder 
volume is unnecessary. 6 has a slight advantage in the fact 
that it is directly proportional to the boiler capacity, so that a 
large value of 6 indicates a large boiler in proportion to the 
cylinders. 

If B is used, it is convenient to note that it measures the pounds 
of rated tractive effort which must be developed by each square 
foot of heating surface when the locomotive is working in full 
gear. 

To bring the comparison to a basis of revolutions per minute 
instead of miles per hour, the writer proposed multiplying B 
by D, the driving-wheel diameter. This gives 


T;D 
BD = 
He 


It can be shown that if the locomotive is working in full gear, 
the factor BD is proportional to the foot-pounds of work which 
must be developed at each revolution by each square foot of 
heating surface. The lower the value of BD, the higher the 
speed at which the rated tractive effort can be developed. A low 
value of BD indicates a locomotive with large boiler capacity 
designed for high-speed service. 

For many years the technical papers when publishing accounts 
of new locomotives gave values of Band BD. This has provided 
a large amount of information available for the comparison of 
various locomotive designs. 

If it is decided that a newer method of comparison is desirable, 
the writer would prefer to see Dr. Lipetz’ 5 used instead of K. 
It seems to him desirable to make the comparison simple and 
direct, involving only definite dimensions of the locomotive and 
avoiding the introduction of any assumed values such as a 
calculated boiler evaporation. 

Discussion of the second phase of the subject, that is the 
prediction of the tractive power which can be developed at 
various speeds, cannot be made in detail without full information 
as to the method of computing the Cole boiler evaporation. 
This is not given in either of Dr. Lipetz’ papers. Dr. Lipetz 
shows, however, that his method gives computed tractive-power 
curves which are surprisingly close to the actual curves derived 
from experiment. 


H. Rusenkoenia.’ Undoubtedly there is necessity for 
revision of some of Cole’s ratios and other formulas used in 
calculating tractive effort for locomotives. The generally ac- 
cepted formula 


T = KPC*S/D 


for determining what is variously designated as cylinder tractive 
effort, starting tractive power, theoretical tractive force, etc., 
does not seem to hold for some of the newer locomotives built 
during the last two or three years. 

K in this formula depends upon whether or not the valve 
has a limited cut-off, and whether or not auxiliary starting ports 
are used. One of the recently built heavy passenger locomotives 
of the 4-8-4 class is described as having a rated tractive effort of 
69,800 lb. If K is taken as 0.85 (the proper coefficient for 90 per 
cent cut-off), the tractive effort from the foregoing equation 
becomes 


T = 0.85 X 260 X 28? X 31/77 = 69,300 lb 
6 Professor of Railway Mechanical Engineering, Purdue Univer- 
sity, Lafayette, Ind. Assoc-Mem. A.8S.M.E. 
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This locomotive is described as having a valve gear which gives 70 
per cent maximum cut-off, but no mention is made of auxiliary 
starting ports. Assuming auxiliary starting ports, the value of K 
is 0.78, which when applied to the foregoing formula gives a trac- 
tive effort of 64,100 lb. In other words, the rated tractive effort 
is more than 5000 lb too high if the generally accepted formulas 
for calculating tractive effort be used. 

Since predictable locomotive performances at speeds above 
starting speeds are based upon data which include suitable correc- 
tions being made from the basic figure of capacity tractive effort, 
it seems that some revision of calculation methods is necessary. 
It would be interesting to know what assumptions were made in 
deriving the figure for rated tractive effort of the locomotive 
previously mentioned. 

The 1932 and 1934 papers by Dr. Lipetz are distinct con- 
tributions to the subject of locomotive tractive effort and horse- 
power, and they indicate the direction in which locomotive de- 
signers may work in improving the efficiency of the modern steam 
locomotive. 


W. A. Pownatu.’ Dr. Lipetz states that drafting arrange- 
ments in particular may cause disagreements or differences 
between the tractive-effort curves and actual performances. The 
Wabash railroad has had considerable experience during the 
past few years with the Kiesel front end which uses an annular- 
ported exhaust nozzle of large area and a cylindrical draft netting, 
extending from the stack to the bottom of the boiler, without the 
usual draft or deflector plates. 
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Fig. 2 of this discussion shows the cylinder-tractive-power curve 
obtained on a mountain-type locomotive equipped with a Kiesel 
front end. For comparison, the tractive-effort curve as caleu- 
lated by Dr. Lipetz’ method is also plotted on this figure. 
The curve as obtained from indicator cards on road tests was not 
an extreme condition, but was obtained on a large number of runs. 
It will be noted that at 40 mph, the engine in question actually 
developed about 35 per cent more tractive power than shown by 
the Lipetz method. This engine is equipped with a type-E 
superheater and a feedwater heater. 

Fig. 3 of this discussion shows a similar curve for a Mikado- 


7 Mechanical Engineer, Wabash Railway Company, Decatur, Il. 


type locomotive equipped with a type-A superheater and 
without a feedwater heater. The difference between the actual 
road results and the Lipetz curves is not as pronounced as with 
the mountain-type locomotive, the excess of the actual tractive 
power over the Lipetz curve being 17 per cent at 30 mph and 14 
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percent at 40 mph. These results are worth attention in showing 
the increased actual locomotive capacity that can be obtained by 
drafting arrangement other than the conventional. 

In view of the present interest in high-speed passenger trains 
there is a definite demand for a knowledge of the draw-bar trac- 
tive effort that can be developed by steam passenger locomotives 
at speeds between 70 to 100 mph. 

Fig. 4 of this discussion shows the cylinder tractive effort of a 
Pacific-type locomotive as derived from the Vincent and Lipetz 
methods. For speeds above 60 mph, the Lipetz formula would 
produce a tractive-effort curve considerably lower than the 
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Vincent curve and also lower than has been obtained in actual 
service. For example, if the engine resistance were deducted 
from the Lipetz cylinder tractive effort, there would be nothing 
remaining to pull the train at about 75 mph, while the engine for 
which these curves are shown, actually pulled a seven-car train 
weighing 560 tons, exclusive of the engine and tender, at a speed 
of from 80 to 83 mph on level track, at which speed it developed 
an approximate cylinder tractive-effort of 9680 lb. It may be 
that Professor Lipetz does not intend his formula to be used at 
driver speeds of over 250 rpm. This actual performance is some- 
what less than the value indicated by the Vincent curve and con- 
siderably higher than that calculated from the Lipetz formula. 

There should be some fairly definite information developed as 
to available draw-bar tractive effort of locomotives at speeds 
between 70 and 100 mph. 


AvuTHOR’s CLOSURE 


While Dr. Giesl-Gieslingen reiterates his agreement with my 
1932 method, as given in the previous paper,* he takes exception 
to my 1934 modifications and rejects them summarily. He is in 
favor of the fundamentals of my 1932 theory and admits the 
value of the moduli, but thinks that I rather rashly abandoned 
the strict consistency of that method in order to satisfy the 
curves presented by Mr. Vincent. I must, therefore, so to speak, 
defend myself against myself, and this makes my task rather 
difficult. However, I am afraid that Dr. Giesl-Gieslingen mis- 
understood the underlying thought of the 1934 modifications and 
probably forgot the principal object of the 1932 method. 

Dr. Giesl-Gieslingen maintains that my theory of 1932 was 
based, on the one hand, on a certain evaporation curve which 
he considers more or less correct, although maybe somewhat con- 
servative, and, on the other hand, on a steam-consumption curve 
with which he also is more or less ‘a agreement. As pointed out 
in both the 1932 paper and in its closure, the procedure which [ 
followed in the first part of my 1932 paper was used only in order 
to establish the correct and logical relations between phenomena 
in a locomotive, which led to a simple formula. I checked it 
later against all locomotive-test data at my disposal at that time. 
In other words, while the 1932 method had a theoretical basis, it 
was purely empirical, and in proving the practicability of the 
1932 moduli, I did not attempt to defend the absolute correctness 
of figures, or curves, of evaporation and steam consumption on 
which my formula was based. I admitted that the Cole evapora- 
tion figure Z,, evaporation-coefficient 8 and steam-consumption 
curves may be only approximately correct, but as the formula 
was later checked against test results and the moduli, specially 
introduced for that purpose, were corrected so as to conform with 
these results, the formula, which in its final form was very simple, 
must have been right and could be used for practical purposes. 
The user need not go back to the underlying data and examine 
them. This made the method very simple, as it required the use 
of only one formula with constant moduli depending upon the 
rotative speed of the wheels, and at the same time very flexible, 
because the moduli could be changed when conditions warranted 
that. 

In the 1934 modifications I followed the same principle. In 
studying the test results of locomotives brought to my attention 
in Mr. Vincent’s discussion of my 1932 paper, I realized that all 
the locomotives on which I had data at my disposal in 1932 had 
long cut-offs, and that the locomotives analyzed by Mr. Vincent, 
especially those for which my 1932 moduli showed discrepancies, 
were types with limited cut-offs. In my 1932 paper I also con- 
sidered, among others, the Boston & Albany A-1 locomotive and 
found that it showed fairly good agreement with my 1932 moduli, 
although it was of the type with limited cut-off. In an- 
alyzing this, I found that the good results of my 1932 moduli, 


in application to this locomotive, were due to the fact that while 
the locomotive had limited cut-off, its cylinder sizes were not ex- 
cessive and very close to the sizes they should have had for a 
limited cut-off of 60 per cent (K = 12.27 instead of K = 13.09) 
while all other locomotives with limited cut-offs which he cited 
had excessively large cylinders, larger than the limited cut- 
off would require. The conclusion was, therefore, evident: it 
was necessary to modify my moduli for locomotives with large 
cylinders, irrespective of whether or not they were types with 
limited cut-off or full cut-off. I found a method for doing it and 
disclosed it in my 1934 paper. Again in order to prove that this 
method was correct and practicable, I showed that its application 
to all locomotives on which data were available, both with small 
and large cylinders, gives very good results. This fact was fully 
realized and appreciated by Lawford H. Fry in his discussion, 
and I am very grateful to him for pointing out this fact. It was 
not a question, as Dr. Giesl-Gieslingen thinks, of satisfying Mr. 
Vincent’s curves. It simply was the question of showing that the 
locomotives for which Mr. Vincent had test data and which, he 
thought, were best represented by his formula, could be satisfied 
by my moduli, if proper modifications are made. 

Dr. Giesl-Gieslingen evidently overlooked this point entirely. 
He thinks that the curve on Fig. 5 of the paper is arbitrary. 
While it is true that no formula was given for this curve, it was 
arrived at through a long study of test results and was later 
checked against all locomotives for which test data could have 
been obtained. It is the author’s opinion that it has more value 
than a curve like the one shown by Dr. Giesl-Gieslingen in Fig. 1 
of this discussion, for which no attempt was made to show its 
application to any locomotive. Only when a formula has been 
verified for a reasonable number of locomotives may it be con- 
sidered seriously, and not before, no matter how scientifically the 
curve may appear to have been derived. 

As an example of another misunderstanding by Dr. Giesl- 
Gieslingen, the aforementioned Boston & Albany A-1 locomo- 
tive can be cited. He says “Lipetz explains that since this engine 
has 60 per cent limited cut-off the cylinder could be called about. 
normal, although K = 12.27, and he indicates that no correetion 
should be applied.”” What I said was that notwithstanding the 
fact that this engine has a limited cut-off of 60 per cent, K = 
12.27 instead of 13.09, if the proper relations of cylinder sizes 
with respect to the correct @ for a cut-off of 60 per cent is taken 
into consideration. But I did not say that corrections should 
not be made. They certainly should be made, as they were made 
in all other locomotives with large cylinders, irrespective of 
whether they were types with long cut-off or limited cut-off (see, 
for instance, Texas & Pacific locomotive G-lb, Fig. 8), as 12.27 is 
less than 14.26. Dr. Giesl-Gieslingen further states ‘“‘since he 
applies the full correction to the Pennsylvania class I-ls with 
only 55 per cent limited cut-off, and likewise to all other examples, 
it would be inconsistent not to do the same for the Boston & 
Albany locomotives.” Yes, it would be inconsistent, and the 
correction should be made, but while the I-ls locomotive has a 
limited cut-off of 55 per cent, very close to 60 per cent of the A-1 
locomotive, the cylinders are so large that the K for this locomo- 
tive is only 8.53, whereas it should be, according to formula [9a} 
of the paper, 0.75/0.0596 = 12.55. Therefore, the cylinders of 
this locomotive are about 47 per cent larger, and a greater cor- 
rection is necessary. 

As to the Boston & Albany A-1 locomotive, after the correction 
for the tractive effort at 50 rpm is made, its value will lie above 
the rated tractive effort, and according to the rules given in the 
paper, the curve with this point at 50 rpm should be cut off. 
The remaining part of the curve will not differ much from the 
test curve. 

Dr. Giesl-Gieslingen discusses what I would call “discontinuity 
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of functions,” when he cites in the beginning of his discussion 
various values of Fig. 5 for smaller and larger cylinders. He 
refers to the figures “jumping”’ suddenly by 6.7 and 16.0 per cent, 
but he forgets that he also jumps '/; in. and 2.1 in. in cylinder 
sizes, or 4.0 and 16.6 per cent in piston areas, respectively. Every 
continuous function would do that. 

Dr. Giesl-Gieslingen is surprised that the Lipetz correction 
curve for 50 rpm should have an edge at K = 14.26. There are 
many cases like that in engineering practice. A loose tire on a 
locomotive wheel puts no strain in the wheel rim or in the tire, 
but if the bore of the tire is several hundredths of an inch smaller 
than the outside diameter of the wheel, the stress suddenly goes 
up and it will continue going up with the increase in this differ- 
ence, most probably with an edge in the curve. The effect of 
large locomotive cylinders is of about the same nature. If they 
are too small, there is plenty of steam for them, just as there is 
plenty of clearance in a loose tire around a wheel, and T's (indica- 
ted tractive effort at 50 rpm) cannot be increased, as a rule, because 
in small-cylinder locomotives it is equal to 7’, (rated tractive 
effort), corresponding to a maximum cut-off of 85 per cent. How- 
ever, if the cylinders are larger than what the ordinarily gen- 
erated amount of steam for the tractive effort at 50 rpm would 
require, naturally more steam can be utilized by the cylinders, 
if a certain forcing of the boiler is permitted. Then a modifica- 
tion is, of course, necessary, and the law of modification may go 
up suddenly, following a curve with an edge. This is what prob- 
ably happens, and there is nothing illogical in that. 

I do not think that it is necessary to go through Dr. Giesl- 
Gieslingen’s other statements except possibly one, in which he 
says that the reader is left without a clue as to what he might 
expect from the boiler when it is forced. Dr. Eksergian in his 
discussion touches on this point in connection with the coefficient 
8. In order to amplify Dr. Eksergian’s thought, and to reply 
fully to Dr. Giesl-Gieslingen’s statement, I am going to present 
several charts which recently came to light. They were not 
known to me at the time when the present paper was prepared. A 
very interesting book,* recently published on a 2-10-2 locomo- 
tive, series FD, developed and built in U.S.S.R., came into my 
possession. For the development of this engine the locomotives 
built in America in 1931 for U.S.S.R. were taken as examples 
and, therefore, the locomotives are in many respects similar to 
regular American-built engines. They have large grates, steel 
fireboxes, firebrick arches, type-E superheaters, feedwater heat- 
ers, stokers, boosters, etc. They differ only in having fireboxes 
of the Belpaire type instead of the round-top shape. A 2-8-4 
passenger-type locomotive, series JS, has also been developed and 
built by the U.S.S.R. In this type, boilers and cylinders are iden- 
tical with those of the FD engines, the principal difference being 
in the chassis: frames, wheels, boxes, etc. 


TABLE 1 raoronT AND RATIOS OF U.S.S.R. SERIES FD 
JS LOCOMOTIVES 


Cylinder dimensions 

Diameter, d, in. 26.4 26.4 

Heating surface, Ho, ft..... 3177 3177 
Cole evaporation, Zc, lb per hr.. ae 44859 
Max indicated ratio, amax...........--+-+6+55 0.78 0.78 
Driving wheel diameter, D, in................- 59 72.8 
Boiler adequacy, ab 0.837 0.837 
Cylinder volume, V, cu ft.............2-5005 19.20 19.20 

VP. 

= 10.95 10.95 


The principal dimensions of these two engines are shown in 
Table 1 of this discussion, which is compiled in the same manner 
as Table 4 of the paper. In view of the similarity between these 
two types and American engines, the test results of these U.S.S.R. 
locomotives are of great interest to us for the present purpose. 

The book® just referred to describes in detail the U.S.S.R. 
2-10-2, Series FD locomotive, and in Appendix 1 gives results of 
very elaborate tests in the form of charts according to the method 
worked out years ago by Professor Lomonossoff in Russia.’ Fig. 
602 of the book is reproduced in this discussion as Fig. 5. The ab- 
scissas are speeds in kilometers per hour; the ordinates are in- 
dicated tractive efforts in kilograms. The full-line curves corre- 
spond to constant evaporation, the figures on them showing kilo- 
grams of steam per hour consumed by the cylinders (excluding 
auxiliaries), the steam being referred to one square meter of out- 
side heating surface. The dashed curves correspond to constant 
cut-off, the figures on them representing percentages of cut-off. 
In Fig. 6 of this discussion the constant-evaporation curves of 
Fig. 5 are reproduced in English measurements. The notations 
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(Full-line curves are constant-evaporation lines, the figures on them repre- 

senting kilograms of steam consumed by cylinders per hour, referred to a 

square meter of outside heating surface. Dashed curves are constant-cut-off 
lines; figures on them represent percentages of cut-off.) 


on the axes are made to conform with the practice of the author’s 
1932 and the present papers. Full lines are constant-evapora- 
tion curves, figures on them representing pounds of total steam 
generated by the boiler per square foot of outside heating surface 
per hour. These figures were obtained from the metric-evapora- 
tion figures by adding 10 per cent for auxiliaries, as this amount 
of steam has not been included in the Russian curves. In addi- 
tion, the author’s 1932 and 1934 curves have been added to the 
chart. 

The locomotive characteristic K, as can be seen from Table 1 
of this discussion, is equal to 10.95, and corrections have been 
made in accordance with Fig. 5 of the paper. It is interesting to 
note that the 1934 curve follows, as to the general trend, all other 
curves, but it lies outside of all of them, even that which corre- 
sponds to the maximum evaporation of 13.5 lb of steam per sq ft 
of outside heating surface. By extrapolation it can be found 
that the 1934 curve corresponds to an evaporation of about 14.2. 
are Felix Dzerjinsky” (published in Russian), Moscow, 


* “Object of Locomotive Tests and Their Method,” by G. Lomo- 
nossoff, St. Petersburg, 1914. 
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Now, the Cole evaporation figure for this locomotive is 44,859 
lb per hour. The outside heating surface is 3177.08 sq ft. The 
evaporation per sq ft is, therefore 


E./He = 44,859/3177.08 = 14.15 


very close to the foregoing figure of 14.2. This agreement is re- 
markable, or, using Mr. Fry’s expression, “surprising.’”’ In 
reality it is natural, if we consider that the Series FD locomotive 
is of, what may be called, American design, and has, as it will be 
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(Full-line curves are constant-evaporation curves, the figures on them 
representing pounds of steam generated per square foot of outside heating 
surface per hour.) 


shown later, the regular circular exhaust nozzle, for which the 
author’s curves have been established. The above agreement 
also shows that the 1934 curve for the Series FD locomotive 
follows the Cole evaporation figure with a 8 equal to 1.00 for all 
speeds; in other words, in order to obtain the 1934 tractive 
effort at low speeds, the boiler has to be forced. This answers 
Dr. Giesl-Gieslingen’s and Dr. Eksergian’s questions as to how 
high 6 at low speeds must be. For the Series FD locomotive 
with K = 10.95 it is evidently 1.00. For other cylinder ratios 
it may be different. It can be figured out approximately from the 
modification curve by following the trend of Dr. Eksergian’s 
thoughts and the formulas given in his discussion. 

In this connection Fig. 6 of this discussion also shows that the 
1932 curve would intersect the tractive effort curves at other 
lower evaporations. For instance, an evaporation of 11.3 
would intersect the 1932 curve at about 83 rpm. An evaporation 
of 9.0 would permit a speed of about 59 rpm, and at 50 rpm the 
1932 curve would probably correspond to an evaporation of some- 
where between 6.8 and 9.0. It can be found by interpolation to 
be 8.01, which is about 56.7 per cent of 14.15, which is close to 
the 8 assumed by the author for 50 rpm, if we remember that the 
coefficient 8 was established as an average of data from many 
locomotives. 

About the same time (1933) the Russian Government de- 
veloped and built the Series JS passenger locomotive. This 
locomotive, as has already been stated, has the same boiler as 
the Series FD locomotive, and has cylinders of the same size. 
It differs only in the size of driving wheels, which were about 
73 in. in diameter instead of 59 in. As our locomotive formulas 
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are based on the boiler evaporation, and the modifications are based 
on the cylinder dimensions, these two locomotives should give 
the same power curves, differing only with respect. to the tractive 
efforts in so far as they are affected by the size of driving wheels. 
Boiler evaporation should be exactly thesame. For purposes of 
comparison, Figs. 7 and 8 of this discussion have been prepared. 
They correspond to Figs. 5 and 6 for the FD locomotive. Again, 
Fig. 7 is an exact reproduction of Fig. 12 of the publication on 
the JS locomotive,!® while Fig. 8 is the same as Fig. 7 converted 
to English measurements, with the author’s 1932 and 1934 
curves added. Furthermore, in order to compare the relation 
of the 1934 curve on Figs. 6 and 8 of this discussion the highest 
constant-evaporation curves of Fig. 8 are omitted and the 13.5 
curve is retained as the highest, the same as in Fig. 6. It can 
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(Full-line curves are constant-evaporation lines, the figures on them repre- 

senting kilograms of steam Consumed by cylinders per hour, referred to a 
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10 “Principal Test Results oi the First Type 2-8-4, Series JS 
Locomotive” (in Russian), Moscow, 1934. 
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be seen, however, from comparing Figs. 5 and 7 that the 
maximum evaporation on the tests of the JS locomotive was 
much higher than on those of the FD locomotive; 70 against 60 
kg per sq meter per hr, or 16.7 per cent higher. This result 
was somewhat puzzling, but a careful study of the tests of the 
second locomotive showed that the two locomotives which 
are supposed to be alike, when actually tested, had different ex- 
haust nozzles: the FD locomotive had the ordinary round nozzle, 
while the JS locomotive had a special nozzle with separate ex- 
hausts from the right and left cylinders, and four round openings 
for the escape of steam which had a total area 32 per cent larger 
than that of the single opening of the round nozzle used on the 
FD locomotive." 

This difference probably explains the higher evaporation and 
may also explain why the 1934 curve, which in Fig. 8 of this dis- 
cussion has in general the same characteristics as the one de- 
scribed in reference to the FD locomotive (Fig. 6), is switched 
so as to coincide more with the 12.4 evaporation curve than to 
be coincident with the 14.2 curve. This is the result of reducing 
the back pressure of the JS locomotive and, incidentally, reducing 
the minimum steam consumption of the latter locomotive, per 
equal power which was 15.5 lb per rail horsepower, as compared 
with 17.4 of the FD locomotive.'? 

It is also interesting to note that notwithstanding the differ- 
ences just mentioned, the trend of the 1934 curve and its relation 
to the constant-evaporation curves is about the same in Fig. 8 for 
the JS locomotive as in Fig. 6 for the FD locomotive, and that in 
the JS locomotive it also corresponds to a constant evaporation 
(about 12.4), which, however, because of better efficiency is 
lower than the Cole evaporation per square foot of outside heat- 
ing surface (14.15). In this case 8 has a constant value of about 
0.88. Thus, the tractive effort of a JS locomotive, if tested 
under the usual American conditions, would give a 1/0.88 
= 1.14 increase ratio for the same amount of steam, and a fur- 
ther increase due to 16.7 per cent higher evaporation, a total in- 
crease in the ratio of 1.14 X 1.167 = 1.33, or a 33 per cent in- 
crease, with the same “‘strain of forcing,” so to speak. 

The above explanations, I think should satisfy Drs. Giesl- 
Gieslingen and Eksergian as to the question of what evaporation 
the modifications of 1934 actually represent, and should also cor- 
roborate Mr. Pownall’s statement as to the increase in locomo- 
tive capacity due to the use of a drafting arrangement other than 
the conventional. Mr. Pownall’s figure of a 35 per cent in- 
crease is about the same as the 33 per cent increase cited pre- 
viously. 

In order to finish with Dr. Giesl-Gieslingen’s discussion, a few 
words should be said about his suggestions. Of course, one 
should welcome the recommendation that some institution, for 
instance, the Association of American Railroads, should accumu- 
late and assimilate all possible information now available on re- 
sults of locomotive tests. The author himself has gone even 
further and suggested some time ago that a central institution, 
the best of which at present is the Association of American Rail- 
roads, should conduct a similar research of its own.'* This is 
now on the program of the Association, and the author under- 
stands that tests with modern locomotives with a view to estab- 
lishing fundamental data for locomotive ratios are now being 
contemplated. The author hopes that the tests will soon be 


11 “Principal Test Results of the First Type 2-8-4, Series JS, 
Locomotive’ (in Russian), Moscow, 1934, p. 41. 

12 Compare Fig. 34 of ‘Principal Test Results of the First Type 
2-8-4, Series JS, Locomotive,” with Fig. 609 of “Locomotive Felix 
Dzerjinsky” previously referred to. m 

13 “Coming Motive Power and Locomotive Research, / by A. I. 
Lipetz presented before the Canadian Railway Club, April 9, 1934, 
concluding paragraph. 


371 


made and he is confident that their results will help to confirm, or 
modify, his moduli and his correction curve (Fig. 5 of the paper). 

As to Dr. Giesl-Gieslingen’s recommendations 1, 2 and 3, they 
have no bearing on this paper. The recommendations are not 
new and are too general. Besides, the recommended tests when 
carried out, cannot obviate the necessity of having a simple 
method by which a reasonably correct evaluation of the power 
and tractive effort of a locomotive could be made without going 
to elaborate tests and calculations. This was the object of the 
author’s papers. 

Dr. Eksergian’s apprehension as regards the difficulties with 
8 which we may run into, if we follow the author’s suggestion 
regarding boiler adequacy at 50 rpm, probably can be answered 
better by saying that while the adequacy, as shown in the paper, 
comes out close to 1.00 instead of Cole’s 100 per cent, the author 
has not stated definitely what percentage he would recommend 
for either drag, limited cut-off, or high-speed locomotives. This, 
following his usual policy, has not been made for the reason that 
no test data are yet available on high-speed locomotives. His 
feeling, however, is that 1.00 and greater figures will serve just 
as well with respect to the boiler adequacy, as Cole’s 100 per 
cent, or larger, boiler. For locomotives with large-size cylinders, 
both coefficients automatically will come out smaller. Follow- 
ing his line of reasoning, the cylinders have to be dimensioned 
on the basis of starting tractive effort and he does not expect that 
any difficulty will arise at high speeds on account of the insuffi- 
ciency of cylinder dimensions, as long as the boiler is given suffi- 
ciently large proportions; corresponding to a boiler adequacy 
of 1.00, but the larger, the better, especially for high-speed loco- 
motives. 

As an example, the high-speed streamlined 4-4-2 locomotive 
recently completed by the American Locomotive Company for 
the Chicago, Milwaukee, St. Paul & Pacific could be cited. The 
Cole boiler-percentage figure for this locomotive is 108.8. The 
author’s boiler adequacy is 1.116, which indicates the close ap- 
proximation of both coefficients to their respective normal values 
(100 and 1.00 per cent). The author does not advise that the 
Cole evaporation figure, with which railroad mechanical men have 
become familiar, should be replaced by the new conception of 
boiler adequacy, although he thinks that the latter imparts 
greater definiteness to the meaning of boiler proportions, for rea- 
sons explained in the paper. The main reason for the author’s 
suggestion of this new conception was only because in some 
quarters it was felt that when the Cole speed factors are re- 
placed by the author’s moduli, the Cole boiler-percentage figure 
is lost sight of. The author, therefore, tried to establish something 
which could take the place of the Cole boiler-percentage figure, 
if his moduli are used for the evaluation of horsepower and trac- 
tive effort instead of the Cole factors. If it is desired to figure 
the Cole boiler percentage, it can be done, but then additional 
calculations of some of Cole’s figures, which are not needed for 
the author’s method, will have to be made, without arriving at 
a substantially different figure, except that one (the Cole) is in 
per cent, while the other (the author’s) is in fractions. 

Reverting to Mr. W. A. Pownall’s discussion, it can be added 
to what has been already said, that the discrepancies which he 
noticed between his curves can undoubtedly be explained by the 
difference in drafting arrangements. The 1932 and 1934 methods 
correspond to the ordinary round nozzle and A.A.R. smokebox 
arrangement, as it has been brought out by the agreement be- 
tween the author’s moduli and test results. The Kiesel front 
may be giving better results, and probably permit forcings of the 
boiler, without corresponding reduction in the efficiency, similar 
to the case with the drafting arrangement on the U.S.S.R., Series 
JS locomotive. 

As to the use by Mr. Pownall of the author’s analytical formula 
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for very high speeds and revolutions per minute (up to 360), this 
has not been intended by the author. The formulas are simpli- 
fications of the moduli. They give approximately the same re- 
sults and should not be used for speeds higher than the moduli 
themselves, namely, 250 rpm. 

In his 1932 and 1934 papers the author hesitated to extend his 
curves beyond 250 rpm simply for lack of data. When the tests 
to which Mr. Pownall refers are published, with all details which 
would permit judging the efficiency, evaporation and other fea- 
tures of the performance, the curves could be extended for 
higher speeds. The advantage of the author’s method is the 
ease with which the modifications of moduli can be made if dic- 
tated by test results. Simply as an example, but not as a matter 
of recommendation, the author may say this in reference to 
higher speeds: 

A comparison of his 1934 curves with the curves on Fig. 8 of 
this discussion and others show a great probability that his 
moduli for 250 rpm may have been slightly underestimated. It 
is probable that at higher speeds, especially with better drafting 
arrangements, the supposition of Mr. Cole, that after a certain 
limit of speed the horsepower remains constant, is true. If this 
should be so, say, after 200 rpm, the Mp moduli would be as 
given in Table 2 of this discussion. 


TABLE 2 VALUES OF THE Mp MODULI FOR SPEEDS ABOVE 
200 RPM 


Revolutions per minute, n............. 200 250 300 350 
Locomotives ‘fecdwater heaters, 
Modulus My 1000... 54.0 54.0 54.0 54.0 
Locomotives ER heaters, 
50.5 50.5 50.5 50.5 
Then accordingly, on the basis that Min = constant, the M: moduli should 
as follows: 
Revolutions per minute, n............. 200 250 300 350 
heaters, 
34.1 27.4 22.8 19.6 
without feedwater heaters, 


As the boiler can always be forced to a certain extent, especially 
at high speeds, it may be safe to use the moduli of Table 2 in all 
cases when curves have to be extended for high speeds, before 
reliable test data are available. Of course, they will have to be 
watched very carefully and checked against test data, and as 
we are soon going to have high-speed locomotives on many 
railroads, from which high-speed test results undoubtedly will be 
obtained, this can be easily done. 

In view of the fact that some readers may be tempted to ex- 
tend the formulas, given at the end of the paper, to speeds higher 
than 250 rpm, as Mr. Pownall has done, the author thinks it 
advisable to give formulas corresponding to the preceding 
tabulation of constant moduli M, and hyperbolic moduli M,. 
In such a case, strictly speaking, it must be noticed that the 
constant-horsepower line should be tangent to the horsepower 
curve at its maximum point; then the hyperbola will follow 
smoothly the straight line of the tractive effort. The ap- 
proximate speed at which this takes place for formulas [13a] and 
[13b] is 190 rpm (the exact values are 189.4 and 189.9 rpm). 

Incidentally, at the rotative speed of 190 rpm, the modifica- 
tion y is equal to zero. Thus, the following formulas can be 
recommended: 

For locomotives equipped with feedwater heaters and speeds 
up to 190 rpm 


T,’ = (73.85 — 0.195n) 


should be figured in accordance with formula [15], which is here 
repeated 


where E, is the Cole evaporation figure, lb per hr, D is the diame- 
ter of drivers, in. and n is rpm. Modification coefficient y 
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n 


This formula eliminates from Fig. 5 the sharp edge at K = 
14.26, so objectionable to Dr. Giesl-Gieslingen, and replaces it by 
a blunter point at K = 15.0. A number of small-cylinder 
locomotives, practically all of any importance, will be thus in- 
cluded. 


E 
At190rpm y=0,and 7,"1% = D 36.8 


The corresponding horsepower will be (see formulas [5] and 

[9] of the 1932 paper) 
pe ay T;” XnD E, 36.8 X 190 X D E 
375 X 336.134 126,050 
X .05547 


Thus, modulus M, X 1000 = 55.47 instead of 54.0 for the maxi- 
mum horsepower at 200 rpm, a difference of +2.7 percent. This 
represents the approximation of the formula and the error in re- 
placing 190 for 200 rpm as the speed at which the horsepower is 
maximum. 

For speeds higher than 190 rpm, the tractive effort, the horse- 
power remaining constant, will evidently be 


P;" X 375 X 336.134 7 E, X 0.05547 X 126,050 6992 EF, 
nD nD nD 


Thus, the tractive effort, for speeds above 190 rpm, can be 
figured in accordance with formula 


For locomotives without feedwater heaters the corresponding 
members of the formulas will be reduced in the ratio of 100:107. 
They will be, for speeds up to 190 rpm 


T;' = i (69.09 — 0.182n) (1 + y)......... [18] 
and for speeds higher than 190 rpm 
Be 8557 
T; [19] 


The author wants to emphasize again that these formulas are 
approximate. They are of such a nature as not to be easily 
memorized, and have to be looked up for references. Therefore, 
it might be just as well to use moduli instead of the formulas. 
In case a simple formula for memorizing should, nevertheless, be 
desired, the one given in the paper (14’) could be used. It is here 
repeated 


The modification for locomotives with K less than 15.0, in 
accordance with formula [15], will have to be made. 

This formula is also good up to 190 rpm. At this speed the 
value in brackets is 75 — 38 = 37. The corresponding formula 
for speeds above 190 rpm would be 7; = E, X 7030/Dn, because 
37 X 190 = 7030. Wecan simplify the formula by making 


which is approximately the same as formula [18] and sufficiently 
simple to be remembered. 
Curves of formulas (14’) and (20) intersect at n = 200. At 


15—K 

— 0.15 ———............ [18] 

10 

T." = E, 6992 17] 

n 

7, = Be 7000 

D n 
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this speed the factor in the brackets in formula [14’], which is 
200 
M,, is equal to 75 — . ae 35, instead of 34.1 according to the 


previous tables. This is sufficiently close for an approximate 
calculation. 

For locomotives without feedwater heaters the values of for- 
mulas (14’] and [20] must be reduced in the ratio of 100 : 107. 

Mr. Fry, who is in general agreement with the author’s method, 
brings out a point which may be of interest. He refers to his 
contributions made about thirty years ago and indicates that in- 
stead of Cole evaporation (E,), the outside (evaporating) heating 
surface (H,) could be used. This is approximately correct, be- 
cause the ratio between these two figures, namely, the average 
Cole evaporation per hour per square foot of outside heating sur- 
face, differs very little. For locomotives given in Table 4 of the 
paper and in Table 1 of the present closure, it fluctuates between 
11.50 (No. 3) and i4.72 (No. 1). For more modern locomotives 
it varies between 12.91 (No. 10) and 13.96 (No. 17). An aver- 
age figure of probably 13.5 could be adopted, but it would still 
be an approximation and would in many cases destroy the good 
agreement between curves and test results, to which reference 
was made by Mr. Fry himself. 

Mr. Fry’s objection is mainly due to the fact that he had diffi- 
culty in computing the total Cole evaporation figure. As is 
known, Cole’s figure is based on 55 lb of steam per hr per sq ft of 
direct heating surface (firebox plus brick arch tubes plus syphons), 
and average evaporations for tubes and flues, depending upon 
their size, length, and spacing. Tables of these specific evapora- 
tions are given in the locomotive handbook published by the 
American Locomotive Company in 1917, and reference to it was 
made in the author’s 1932 paper. New figures regarding tubes 
of 3'/; in. outside diameter (without superheater units) and 3!/:- 
in. flues (with superheater units), which came into use after the 
publication of the A. L. Co. handbook, in pounds of steam per 
hour per square foot of outside heating surface for various 
lengths of tubes and flues and various spacings, have been given 
by the author in Appendix No. 2, page 16 of the 1932 paper.* 
The author is surprised at Mr. Fry’s statement that “Lipetz does 
not give in either the present paper or his earlier paper complete 
information for computing this Cole boiler evaporation.” While 
this is literally correct, proper references to the A. L. Co. hand- 
book were made. It is true that the locomotive handbook is 
now becoming very rare, but it has been in use by practically all 
railroads for years, and copies can be found in libraries. A new 
edition is contemplated. 

Apart from the reason of the momentary difficulty in finding 
access in some cases to the A. L. Co. handbook, there is no good 
argument in favor of using the heating surface, as approximation, 
instead of the Cole evaporation figure, as the latter, when the 
basis of computation is available, can be determined easily. 
However, if a change should be desired, there would be no diffi- 
culty in substituting the total evaporating heating surface (H,) 
for the Cole evaporation (Z,), if the author’s moduli are increased 
in the ratio of, say, 13.5, which, as we saw above, represents the 
average evaporation figure for modern locomotives in pounds per 
hour per square foot of total evaporating heating surface. How- 
ever, correction curve (Fig. 5 of the paper) would have to be 
accordingly modified, so as to use the author’s 6 instead of K. 
This would be another example of the flexibility of the author’s 
method, which can be easily adjusted to simplifications when 
they are thought necessary, or to new data when they become 
available. 

There remains Prof. H. Rubenkoenig’s discussion, which is 
directed more to the starting tractive effort. He refers to auxil- 
iary starting ports, for which he would like to have a coefficient 
in the tractive-effort formula. The author’s paper did not con- 


sider the tractive effort at the moment of starting. This differs 
from the maximum, or the rated tractive effort, which can be 
indefinitely developed at a certain speed (about 50 rpm), de- 
pending upon the capacity of the boiler. Under these conditions, 
the author gave in his discussion coefficients for the rated tractive 
effort in his closure on page 33 of the 1932 paper.* The author 
does not think that the auxiliary ports can increase materially 
the tractive effort and, therefore, he did not give any corrections 
for that. 

Before closing the author would like to call attention first to 
the maximum boiler tractive effort, and, second, to the types of 
locomotives for which his method and moduli should be used. 
Some railroad engineers claim that they are not interested in the 
“performance” curves obtained under conditions defined by the 
author in his 1932 paper and its closure, but in the maximum- 
tractive-effort curve, which represents the top values at various 
speeds under hardest working conditions. On some roads they 
are called ‘‘capacity curves.” The author did not attempt to 
give these curves, because they depend upon the specific proper- 
ties of a locomotive and the individual method of operation, 
which cannot be easily generalized. At least, there are not yet 
sufficient data, even on modern American locomotives, to predict 
with accuracy what the maximum curve can be. The author 
attempted to give a general method for the evaluation of the per- 
formance curve which corresponds to usual every-day methods 
of operation with a reasonable efficiency. His curves are lower 
than what occasionally can be materialized, but they have the 
advantage that they can be safely developed with reasonable 
efficiency and without excessive maintenance. The maximum 
curve depends upon the extremes in efficiency and maintenance 
to which the operator is willing to go, and cannot be adopted 
generally. This curve has to be established by the operating 
railroad from actual experience. But even then, it might be 
found advantageous to compare the test curve with the perform- 
ance curve, and when enough information is accumulated by the 
railroad on a number of locomotives, a method of evaluating par- 
ticular locomotives can be worked out by a comparison with the 
basic performance curves. 

The other point, closely connected with the first, refers to the 
designs of locomotives which were used as a basis when the 
method and moduli were established. It was called the modern 
locomotive, under which term it was understood a locomotive 
with sufficiently large grate area, a brick arch, type-E or a well- 
proportioned type-A superheater, 225 to 300 lb per sq in. boiler 
pressure, simple expansion cylinders, properly designed valve 
motion according to latest practice, round exhaust nozzle, and 
A.A.R. smokebox arrangement. It would be erroneous to use 
the formulas for locomotives which differ from the described 
standard design. If some improvements are being tried out, 
say, for instance, an improved drafting arrangement, tests 
should be made and the difference would indicate the gain re- 
sulting from thisimprovement. The same would apply to poppet 
valves and similar innovations. It is evidently incorrect to com- 
pare actual test data from locomotives of other, especially non- 
American, designs, with these formulas, as has been done, for 
instance, by Mr. André Chapelon in his very informative article 
on the French High Speed 4-8-0 Type Locomotive of the Paris- 
Orleans Railway. He checks the high power obtained from these 
locomotives against the Lipetz formula and shows that the power 
is more than twice the maximum obtained from the formula." 
In this case the boiler was made up mostly of tubes of the French 
Serve type, which have 2°/,. in. OD and have inside ribs. The 
engine has four cylinders compound, rotary-cam Lentz-Dabeg 
poppet valves, and a double Kylchap drafting arrangement. 
The author does not understand how the Cole evaporation figure 

14 Revue Generale des Chemins de Fer, March, 1935, p. 281. 
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could be computed for a boiler with Serve tubes and how the 
Lipetz curve could be plotted. The increase in power as com- 
pared with the Lipetz formula is probably due to the high forcing 
of the boiler and to the enumerated improvements. 

The author based his moduli on tests with modern American 
locomotives He has not extended them yet to other types of 
locomotives, like high pressure, double expansion, etc., mainly 
for lack of data, and secondly, because the main object of the 
paper was to show that the method based on boiler evaporation, 
rather than that based on cylinders (Cole method), gives more 
consistent results in regard to establishing the power of a locomo- 
tive. 


The Intake Orifice and a Proposed 
Method for Testing Exhaust Fans’ 


R. D. Mapison.? Fig. 11 shows a proposed arrangement 
which seems to apply particularly to axial-flow fans mounted in 
ducts. For wall-mounted disk fans the box arrangement shown 
in Fig. 10 is not only desirable but it must be used if the flow lines 
through the fan are to duplicate actual conditions. For the cen- 
trifugal fan without inlet boxes, the fan should not be tested on the 
inlet. For centrifugal fans with inlet boxes, the method of pro- 
viding the box (or boxes) with bell-mouthed entrance duct (as 
shown on plate G of the N.A.F.M. and A.S.H. & V.E. codes) seems 
to have everything to commend it, since a short discharge duct 
should be provided in any case. The applicability of the intake 
orifice to fan testing, as far as code procedure is concerned, is still 
open to discussion. Although the intake orifice is much simpler 
than the rounded nozzle to construct, its application is quite 
limited. 

Two points should be mentioned in the use of the inlet orifice 
which the authors have not fully covered. No provision is made 
for eliminating chance spiral flow that may be present in the test 
room and which will be accelerated as the orifice is approached. 
An open door or the fan’s own discharge may provide this spiral 
impetus. Even a simple form of crisscross straightener a short 
distance ahead of the orifice should suffice. Practically all wind 
tunnels are equipped with some such device. 

Again, as the orifice approaches 100 per cent pipe diameter, 
the flange should extend appreciably beyond this point to keep 
the flow lines at entrance substantially constant. The coefficient 
for an open-end pipe is different from an orifice in a flat plate and 
when the pipe is tested with full pipe opening the flange should be 
sufficiently extended to approximate flat-plate conditions. It 
would seem more practical, in the case of the 100 per cent orifice, 
to use a tap at full pressure recovery and the corresponding coeffi- 
cient of discharge. This would require a less critical placing of 
the tap. 

The diagram, Fig. 4a, is likely to be confusing to those not 
familiar with air flow. The vena contracta is shown more than 
one pipe diameter from the orifice to correspond with the readings 
obtained at the pressure taps. Now the actual vena contracta 
is in the neighborhood of '/2 orifice diameter from the orifice 
plate and the flow approaching it corresponds closely to the con- 
ventional rounded nozzle. From this point to that of maximum 
recovery pressure there is considerable turbulence and some of 
the outer mass of air is flowing in a direction opposite to the cen- 
tral stream. The static pressure is not necessarily uniform over 
any given cross-section and the static-pressure taps do not record 
the static pressure except in the outer region adjacent to them. 


1 Published as a paper PTC-56-3, by N. C. Ebaugh and R. Whit- 
field, in the December, 1934, issue of the A.S.M.E. Transactions. 

2 Research Engineer, Buffalo Forge Company, Buffalo, N. Y. 
Assoc-Mem. A.S.M.E. 
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The gradual rise in pressure from the lowest point to that at the 
orifice plate is probably due to a slowing up of the counter cur- 
rent flow and an attendant increase in static pressure. While 
the positions of the taps recommended by the authors are logical 
from the standpoint of stability of readings and are, therefore, 
the most accurate to use, there is no need to attempt to correlate 
the flow as indicated in Fig. 4a. To do so will only lead to con- 
fusion. 


CLOSURE 


The authors cannot agree with Mr. Madison in the statement 
that a centrifugal fan without inlet boxes should not be tested 
on the inlet side. Single-inlet exhaust fans which are usually 
directly connected to a duct should be tested on the inlet side as 
such a set up will exactly duplicate the way in which the fan is 
intended to be used. The inlet orifice is a simple and accurate 
device for such tests. 

The test room used was so large compared with the orifice 
area that there was no perceptible air motion a few feet away 
from the plate. The possibility of spiral flow in the room ahead 
of the plate was remote indeed. The use of air-flow straighteners 
would hardly be feasible with the intake orifice and it should not 
be used if there is an unusually bad approach condition. 

The statement was made in the paper that the flange on the 
end of the pipe was acting as the orifice in the case of the 100 
per cent orifice. The authors agree with Mr. Madison that the 
coefficient would be different if this flange were absent. The 100 
per cent orifice is not recommended for measuring purposes and 
was only investigated as a matter of interest. 

No distances are marked on Fig. 4a but the discussion of the 
behavior of the air below the plate must be accepted by the 
authors since it comes from one who must be considered one of 
our authorities on air-flow behavior in general. 


Pulverized Fuel-Burning Experiences 
at Buzzard Point Station’ 


E. G. Bawey.? The boilers and furnaces at Buzzard Point 
station represent a new type of steam-generating unit in which 
have been incorporated the best features of existing installations 
together with additional features which make it an outstanding 
development. The furnace is completely water cooled, the lower 
portion being of the stud-tube construction; vertical turbulent 
burners are used, which direct the flame down onto the liquid- 
slag bath; a furnace slag screen divides the furnace into two 
portions, a lower combustion chamber and an upper cooling 
chamber which is covered with smooth iron blocks to obtain 
maximum cooling of the gases before entering the convection 
surface; straight tube sections of the header type resemble con- 
ventional design, but the head is greatly increased permitting 
high ratings per section; the superheater is supported directly 
from vertical circulating tubes and is divided into two sections 
with a desuperheater between to give flat steam temperature; 
the economizer is entirely within the setting and supported on 
vertical circulating tubes. 

Burning coal in pulverized form presents two major problems, 
the first of which is to burn practically all of the carbon in the 
limited space and time available with the high liberations dictated 
by economy. This is not easy to do with the low-volatile coal 
used at Buzzards Point but the low unburned-carbon loss re- 
ported in the paper confirms the correctness of the burner and 


1 Published as paper FSP-56-18, by H. G. Thielscher, in the De- 
cember, 1934, issue of the A.S.M.E. Transactions. 

2 Vice-President, Babcock & Wilcox Company, New York, N. Y. 
Mem. A.S.M.E. 
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furnace design. Recent tests have shown average combustible 
in the flue dust of 4.0 per cent corresponding to a heat loss of 
0.07 per cent at a low rating of 68,000 lb per hr of steam and at 
a high rating of 313,000 lb per hr of steam the combustible in 
the flue dust averaged 10.8 per cent corresponding to a heat loss 
of 0.34 per cent. 

The second problem is to dispose of the ash. The vertical 
burners direct the ash directly against the liquid-ash floor where 
a large portion is caught. The walls of the lower chamber are 
wetted with slag and trap additional amounts of ash. The 
furnace slag screen, which is studded and covered with refractory, 
catches still more of the ash as the gases impinge on the tubes in 
passing through. In this way the coarsest, stickiest and most 
objectionable portion of the ash is caught in the furnace and 
tapped out as liquid slag. The dust collectors remove prac- 
tically all of the remaining dust and the appearance of the stacks 
is very good indeed. 

The rate of heat release of 36,800 Btu per hr per cu ft of total 
furnace volume is no doubt the highest yet obtained from low- 
volatile coal with a satisfactory low-carbon loss. It is possible 
to further increase this rate. The furnace slag screen is an im- 
portant factor in this design. It forms a barrier which shields 
much of the radiant heat of the flame adjacent the burners and 
of the slag pool from reaching the boiler tubes, thereby permitting 
the tapping of ash of higher fusing temperature and reducing the 
slagging of tubes in the boiler bank. 

The proportioning of heating surface between the furnace, 
boiler and superheater was influenced more than it should have 
been, evidently, by data obtained from coal of higher volatile 
and other characteristics different from that being burned. The 
spacing of the furnace slag-screen tubes might also be further 
improved in subsequent designs for similar coal. It should be 
noted, however, that these units are designed for a maximum 
output of 412,000 lb steam per hr each, corresponding to a heat 
release of 41,600 Btu per hr per cu ft. This rating cannot be ob- 
tained with only one turbine in the station. 

The steam scrubbers installed in these boilers have proved 
satisfactory, proof of which is evidenced by turbine performance. 

The modifications required on the burners were necessitated 
by the combination of high preheat on the secondary air with a 
readily coking coal. Reducing the number of primary nozzles 
and increasing their width has been quite successful. The prac- 
tice of running cold air through an idle burner a few minutes just 
before putting it into service is a simple procedure which is quite 
helpful in preventing coking. 

This design of boiler unit is well adapted for wide application, 
especially for capacities considerably above that for which these 
units are designed. 


A. G. Curistre.* One is impressed with the high ratio of 
water-wall area to true boiler-surface area in the Buzzard Point 
boilers. Evidently the greatest advantage is taken of heat trans- 
fer by means of radiant heat. In fact, the furnace itself is water 
cooled practically to the same extent as a Scotch Marine boiler. 

The low-volatile coals of Virginia and West Virginia have com- 
paratively high-fusing-point ash. One would not expect these 
to be best suited for use in slag-bottom furnaces. Apparently 
the fluid ash can only be tapped with ease under certain favorable 
high-load and high-furnace-temperature conditions. It is rather 
surprising to note that the use of various fluxing materials has 
not resulted in more fluid slag. This must have been due to 
lack of proper mixing in the slag. Normally such flux material 
should have combined with the ash and increased fluidity. The 
author states that these fluxes were introduced in a powdered 

3 Professor of Mechanical Engineering, Johns Hopkins Univer- 
sity, Baltimore, Md. Mem. A.S.M.E. 
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state. Possibly they were carried over to the electrostatic 
precipitator instead of entering the slag. Why not try the intro- 
duction of limestone in lumps? 

Apparently no difficulty has resulted from the pressure and 
temperature employed, viz., 670 lb and 835 F. This should en- 
courage designers to use still higher steam pressures and tem- 
peratures on the next station to be built. It may be noted that 
some difficulty is being experienced in this station to secure suf- 
ficient superheat. 

Fig. 3 indicates an interesting distribution of the tempera- 
ture drop of the gases. About one quarter goes to the water 
walls, another quarter to the boiler surface proper, a third quarter 
to the superheater, and the final quarter to economizer and air 
heater. This emphasizes the growing importance of the sec- 
ondary heat-recovery apparatus under modern operating con- 
ditions of high pressure and temperature. 

There are rumors that difficulties have been experienced with 
the horizontal tubes in the air preheater. Possibly the author 
may be willing to tell us of these experiences. 

The performance of the hydraulic fan couplings as shown in 
Table 3 indicates too slow a response to load changes. This 
coupling has many distinct advantages but needs further de- 
velopment to improve its speed of response to load changes. 

The rates of heat release in this furnace are higher than has 
generally been used in the past. No ill effects from bad slagging 
have been noted. This would indicate that still higher rates of 
heat release with correspondingly smaller furnaces may be con- 
sidered for future installations where the furnace is water cooled 
throughout and a slag-bottom furnace employed. At present 
the space above the dust screen must serve to a considerable ex- 
tent as a secondary combustion chamber with flames penetrat- 
ing completely through the dust screen. The author states 
that at times there was a tendency to slag the lower tubes of the 
boiler itself. This suggests that conditions might be improved 
by wider spacing of the tubes in the dust screen with more rows 
of tubes in depth in this dust screen and with the whole dust 
screen placed just below the tubes of the boiler proper. What 
advantages are claimed for the present position of the dust screen 
intermediate between the primary and secondary combustion 
chambers? 

The need of dust catchers in the flue gases is evident from 
the author’s statement that 50 per cent of the ash was caught in 
the electrostatic precipitators. 

Little comment can be made on the boiler efficiency or station 
performance. These are excellent results. 


M. K. Drewry.‘ Cited experiences with slagging raise the gen- 
eral question as to whether freedom from undesirable deposits in 
any slag-tap installation can ever be sustained under varying 
conditions of load and with various types of coal. It is true that 
ash accumulations are limited in the high-temperature zone by 
fluidity of the molten ash, and in the lower-temperature zone by 
mechanical breakage due to weight. However, at some inter- 
mediate point plastic sticky ash is always present near some 
heat-absorbing surface and, at that point, accumulation of 
adherent slag is without limit. 

Why ash of higher fusion temperature should cause clogging 
farther into the boiler tubes of the Buzzard Point installation 
was not readily apparent until some study indicated that clogging 
moves progressively in the direction of gas flow until equilibrium 
of gas temperatures and ash melting point occurs. . 

Variable insulation of surfaces ahead of the superheater causes 
lack of uniformity in its performance, which suggests a second 
reason for using superheat-regulating equipment. 


4 Assistant Chief Engineer of Power Plants, Milwaukee Electric 
Railway & Light Company, Milwaukee, Wis. Mem. A.S.M.E. 


got 
gen 
|| 
«| 
4 
ind 
f 


376 


One of the major merits of pulverized-fuel-firing equipment is 
its adaptability to firing any kind of coal as the market changes. 
The moderate-temperature installations appear the best answer 
to the variable-coal, variable-load problem. 

Many operating companies have formed the policy of 
using at least two mills or feeders per furnace, guarding against 
momentary interruption of all coal supply to the furnace. 
Buzzard Point employs automatic relighting with gas, the failure 
of which is perhaps as improbable as the simultaneous failure of 
two mills. 


E. L. Hopprne.6 The author discusses the use of hydraulic 
couplings with automatic combustion control, for varying speeds 
on forced- and induced-draft fans and it is noted that because of 
the slow response of the coupling with the Weir type of control 
it was necessary to apply additional automatic control to the 
draft dampers, supplementary to fan speed change. 

The Philadelphia Electric Company is now installing a 165,- 
000-kw turbo generator with two 600,000 lb per hour pulverized- 
fuel-fired boilers in their Richmond Station and are providing 
hydraulic couplings for operation of forced- and induced-draft 
fans and variable-speed condensate pumps. The decision to 
use this speed-changing method was based partly on the ex- 
perience at the Buzzard Point Station, together with experience 
gained by installation of a hydraulic coupling with hand-operated 
Weir control on one of the present test boilers in the older section 
of Richmond Station. It was realized that Weir control would 
be too sluggish for the best operation with automatic boiler 
regulation, and the coupling manufacturers agreed to make 
comparative tests on a coupling using Weir control in one case 
and a small auxiliary pump either for removing or replacing oil 
in the coupling in the other case. These tests indicated that 
with the auxiliary pump it was possible to reduce the time re- 
quired for a given speed change to about one-third of that re- 
sulting from Weir operation. 

It is expected that a satisfactory rate of speed change will be 
secured on fans for the new Richmond boilers without supplement- 
ing the speed control with automatic damper regulation. 


Ten Years of Stoker Development 
at Hudson Avenue’ 


J. S. Bennertr.? The authors have performed a most useful 
service in presenting the results of their studies in analyzing 
losses sometimes disregarded. The figures given on cinder 
losses are particularly interesting. In the writer’s opinion, cer- 
tain warnings should be uttered against applying these figures too 
literally. At 75 lb per sq ft, the cinder loss is shown to be nearly 
8 per cent. Assuming that the cinder loss is entirely eliminated 
and that the unit under these conditions is operating at 83 per 
cent efficiency, the efficiency would be increased by only 6.5 
points, not 8 points, because only 83 per cent of the heat in the 
cinders would be transferred to the water and steam. 

Considerable work has been done in developing means for 
minimizing this loss. The authors point out that a certain 
proportion of the cinders was trapped in the last pass of the boiler 
and returned above the ash pit. This improved the performance 
somewhat, but the method of cinder trapping in the last pass was 
inefficient as provisions had not been made in the original design 
for cinder return. The cinders were fed in above the fire, which 

§ Mechanical Engineer, Philadelphia Electric Company, Phila- 
delphia, Pa. Mem. A.S.M.E. 

1 Published as paper FSP-57-3, by J. M. Driscoll and W. H. Sperr 
in the February, 1935, issue of the A.S.M.E. TRANSACTIONS. 
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had a tendency to recirculate part of them. It has been found 
far more effective to return cinders with the coal feed at the front 
of the stoker. Cinder trapping can be provided in any new 
design, with the cinders returned by gravity to the stoker coal 
hopper. This is particularly simple in the case of double-fired 
boilers. The writer’s Fig. 1 shows an installation of this type 
put into service recently. In this arrangement, the cinders enter 
at the bottom of the retort and are covered by fresh coal. They 
cannot be recirculated, and are fed up slowly from the bottom of 
the retort where they burn in the same manner as the rest of the 
fuel bed. Other schemes for cinder return are shown diagram- 
matically in Figs. 2 and 3 of this discussion. Assuming that’80 
per cent of the cinders 
discharged were 
trapped and returned 
as shown, at a coal- 
burning rate of 75 lb 
per sq ft, the cinder loss 
at Hudson Avenue 
would have represented 
only 1.6 points in ef- 
ficiency and these, if 
burned, would repre- 
sent an increase in effi- 
ciency of 1.3 points. 
The authors have 
emphasized the fact 
that their experience 
has been obtained with 
one grade of coal. It might 
be interesting to compare 
the results obtained with 
other coals using preheated 
air. The curve shown in 
Fig. 11 of the authors’ paper 
is reproduced in Fig. 4 of 
this discussion. The cinder 
loss of a coal selected for 
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test because of its ten- 
dency to produce cinder 
losses and operating with 
preheated air where the 
cinder recovery was 
somewhat more effective, 
is shown by the curve 
marked B. The same job, burning a Pittsburgh-district coal, 
without any cinder return, gave a very much reduced cinder loss, 
marked A. These curves show that the cinder loss is influenced 
very strongly by the coal used. The low-volatile, high-Btu coals 
used quite generally in New England and New York City, ordi- 
narily show much higher cinder losses than the coals with higher 
volatile matter or coals containing ash with lower fusing tempera- 
tures. 

The authors imply that their experience shows that a short. 
underfeed stoker with a long overfeed section will permit higher 
sustained fuel-burning rates than the full underfeed-type stoker- 
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This conclusion is based on a comparison of relatively small 
stokers of one make with the longest stokers ever built by a 
different manufacturer and underfeed stokers of still another 
make built ten years ago. Where comparisons have been made 
directly between machines of the same size of the two types, this 
improvement in coal-burning capacity has not been shown. 

Where sustained high fuel-burning rates are required, it is 
poor policy to rely upon the skill and agility of the operator to 
maintain the fuel bed. It is better to provide means for distribut- 
ing the air that will indicate and correct fuel-bed weakness long 
before the human eye can detect the trouble. Zoned-metered- 
air control provides this means. 


V. G. Gaunxin.? The paper shows that long underfeed 
stokers are apparently limited to an efficient maximum burning 
capacity of 55 tb of coal per hr per sq ft of grate area, and that to 
get higher combustion rates it is necessary to add either a mov- 
able link-grate section or to introduce an air-zone method of 
controlling the windbox pressure. 

The improvement effected by air-zone control in the efficiency 
of boiler No. 74 at high ratings and the increase in capacity from 
350,000 to over 500,000 Ib per hr continuous rating is very remark- 
able. The air-zone control by permitting regulation of air pres- 
sure to just overcome the fuel-bed resistance in each section 
makes it possible to reduce excess air and carry higher ratings with 
the same thickness of fuel bed without danger of lifting portions 
of the fuel bed from the grate. This should permit the building 
of larger and more efficient stokers in the future. 

The authors have made a comparison of stoker performance in 
their Fig. 10 based on the heat absorbed by the boiler unit per 
square foot of projected grate area. It seems that a better 
comparison of stoker performance could be made on the basis of 
pounds of coal burned per square foot of projected grate area 
and thus eliminate the effect of the efficiency of heat absorption by 
the boiler unit since the effect of the difference in the heating 
values of the coal is small. In Fig. 5 of this discussion, a compari- 
son of the stoker performance on boilers Nos. 54 and 74 has been 
made on this basis and shows a much closer agreement on overall 
efficiency than that shown in the authors’ Fig. 10. 

The stoker losses, namely, the loss due to combustible in ash 
and the cinder loss, closely agree for both stokers. At a com- 
bustion rate of 75 lb per hr, the combustible-in-refuse loss is 
about 0.6 per cent higher on No. 54 boiler, while the cinder loss is 
lower by 0.8 per cent, making the combined loss practically the 
same for both units. 


* Chief Testing Engineer, Brooklyn Edison Company, Brooklyn, 
N.Y. Mem. A.S.M.E. 
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The difference in overall efficiencies between boilers Nos. 74 
and 54 is due therefore to the losses which depend upon the 
design of furnace and heat-absorbing surfaces. There is 25 
per cent more furnace volume per square foot of grate area in 
No. 74 than in No. 54 boiler; hence, the heat release per cubic 
foot for a given burning rate is higher for the No. 54 installation, 
being 65,000 Btu per hr per cu ft for No. 54 and 48,000 for No. 74 
at a combustion rate of 75lb perhr. There is a greater possibility 
therefore of having an incomplete combustion loss due to CO, 
H, and hydrocarbons in the smaller furnace at the higher ratings. 
The loss due to incomplete combustion of CO was about the 
same for both installations. The loss due to unconsumed hydro- 
gen and hydrocarbons was not determined in the No. 54 boiler 
test. 

There is more waterwall, superheater and economizer surface 
in boiler No. 74 than in No. 54 and the per cent of heat absorbed 
by each of them is different in both installations, resulting in a 
higher overall efficiency of No. 74 at high ratings, although the 
dry-gas loss is greater on boiler No. 74 than on No. 54. 
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The only losses which differ a great deal in the two installations 
are the radiation and unaccounted-for losses. Even if the hydro- 
carbon and hydrogen losses determined on No. 74 are added to the 
radiation and unaccounted-for losses, at a combustion rate of 75 
Ib per hr, the total is as much as 4 per cent less than on No. 54. 
If a correction is applied, to take care of radiation and un- 
accounted-for loss difference, the efficiency curves of both in- 
stallations become identical, having an efficiency of about 75 
per cent at a combustion rate of 75 Ib per hr. 
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In order to show how nearly equal the actual performances of 
the two stoker and boiler installations are when compared on the 
same combustion rate, refer to the authors’ Table 5. The yearly 
operating figures for efficiency and combustion rates are very close 
for the Westinghouse and Taylor stokers. The average com- 
bustion rate for 1932 and 1933 for the fifth and sixth rows of 
boilers was 24.4 lb per hr; for the seventh and eighth rows, the 
combustion rate was 25.1 lb per hr and their respective efficien- 
cies were 86.0 and 86.3 per cent. These figures include also the 
banking hours and the low-steaming periods which decrease the 
actual combustion rates by 15 per cent. For the operating range 
up to combustion rates of 40 lb per hr, both installations are 
identical in efficiency. Higher combustion rates are only run 
for short periods during the peak, and therefore affect the yearly 
efficiency only slightly. 

In conclusion, it might be said that both installations are 
doing equally good work and are equally efficient when based 
on the same combustion rates. The fifth and sixth rows are 
simpler in design and are liked by the stoker operators. The 
operators are, however, becoming used to the more complex 
air-zone control of the seventh and eighth rows and have already 
developed a high operating efficiency. 


P. W. Kerrier.‘ The authors state that for the very long 
stokers of units Nos. 7 and 8, 55 lb per sq ft of total projected 
grate area was found to be the maximum fuel-burning rate ob- 
tainable for long periods without zoned air control. They also 
state that for shorter underfeed stokers of this make, more 
capacity would undoubtedly be obtainable, but that experience 
had not been gained regarding this at Hudson Avenue. At 
Hell Gate, many capacity tests were run at high fuel-burning 
rates. The peak for long periods was reached on June 25, 1925, 
on boiler No. 63, when 78 lb of coal per hr per sq ft of total 
projected grate area were burned for 12 hours. The stoker had a 
projected length of nearly 16 ft and a total projected grate area 
(including pit) of 378 sq ft. The heat content of the coal was 
14,333 Btu so that 78 lb of this coal are equivalent to 80 lb of 
14,000-Btu coal. The limitation to capacity was induced draft, 
not the stoker; in order to obtain the required gas flow, the 
furnace had to be put under 0.4-in. pressure, so that the fire could 
not be observed. With ample induced draft, affording an oppor- 
tunity to carefully watch and regulate the fire, still higher fuel- 
burning rates should be obtainable. Furthermore, great im- 
provements in stoker design have been made since this test. 
The capacity of shorter stokers of this type, if operated without 
zoned-air control, is likely to be limited more by smoke and 
combustion losses than by lack of fuel-burning ability. 


T. E. Purcetu.’ The large amount of field development 
following the successive installations serves to exemplify the 
uncertainty with which results can be predicted for stoker in- 
stallations. When it is realized that the successive installations 
were only a step in advance of the previous installation, and 
that the development was carried on in a single station with a 
specific type of coal, emphasis must be placed on the fact that 
there is a dire need for more knowledge concerning the functions 
of the stoker and the process of burning coal thereon. This 
paper, it seems to me, points to the great need for cooperation 
and combined effort on the part of designers, manufacturers, 
and users of stokers to the end that sufficient knowledge may be 
made available so that stoker performance can be predicted with 
some degree of certainty. It appears quite evident to us that 


4 Testing Engineer, Hell Gate Station, United Electric Light and 
Power Company, New York, N. Y. Jun. A.S.M.E. 

5 General Superintendent of Power Stations, Duquesne Light 
Company, Pittsburgh, Pa. Mem. A.S.M.E. 
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each installation must be designed for the specific grade of coal to 
be used, and that stokers cannot be designed to burn varieties of 
coal with entire satisfaction and with the best results. 

Experience with underfeed stokers at the Colfax and James H. 
Reed Power Stations may be used as an illustration. The com- 
bustion rate in pounds of coal per hour per square foot of grate 
surface for the stokers in the Colfax Power Station is from 15 
per cent to 20 per cent less when burning coal from the Sewickley 
seam than with coal from either the Pittsburgh or Freeport 
seams, all three seams being common to the Pittsburgh district. 
On the other hand, the stokers at the James H. Reed Station, 
which are of a later design equipped with the link-grate overfeed 
section and adjusted to burn Sewickley coal, will consume equal 
quantities of either Sewickley or Pittsburgh coal; but severe 
burning of the stoker parts and high maintenance cost accom- 
pany the use of Pittsburgh coal. Unquestionably, to burn Pitts- 
burgh coal to the best advantage, the stokers would require 
considerable alteration. The stokers at the James H. Reed 
station, although prototypes of the link-grate stokers developed 
at Hudson Avenue and later successfully applied in the High 
Bridge Station of the Northern States Power Company, re- 
quired major alterations in the field before they were considered 
satisfactory operating units. 

The authors seem to be fully convinced that stokers provide 
the better method of burning coal in the Hudson Avenue Station. 
After ten years of experience with both stokers and pulverized- 
fuel equipment at Colfax and four years of experience with 
stokers at Reed, the writer is not prepared to believe that one 
method is definitely superior to the other. Each new installation 
merits special investigation of both methods of firing, giving due 
consideration to the latest developments. Each method of 
firing has its advantages and disadvantages. In my opinion, a 
great advantage in pulverized-fuel firing over stoker firing lies 
in the greater consistency in the results obtained. Uniform 
performance can be expected, when burning coals having widely 
varying characteristics, in pulverized-fuel furnaces with either 
horizontal or vertical firing and with more or less water-cooling 
surface exposed to the furnace. On the other hand, as stated 
above, stoker operation is influenced greatly by the characteristics 
of the coal, and continuous attention and adjustments must be 
given the equipment. Even then consistent fuel-bed conditions 
and maximum steaming capacity are not always assured. 


I. E. Movurrrop® anp G. C. Eaton.’ The history of the de- 
velopment of the Hudson Avenue stokers during the past ten 
years contains much valuable information. One must applaud 
the courage of the Brooklyn Edison Company engineers who, after 
carefully considering the merits of the various types of fuel- 
burning equipment then available, decided in 1922 on the use 
of underfeed stokers, especially when one considers that the 
fuel they were to burn was high-grade Eastern bituminous coal. 
While such coal is a very excellent bituminous coal, it is prob- 
ably more difficult to handle on an underfeed stoker than a lower- 
grade coal having a higher ash content. In the light of today’s 
knowledge, no one could criticize the decision, but at that time it 
certainly required very careful consideration and the courage of 
one’s convictions. 

The first stokers installed at Hudson Avenue were very good 
machines as of that time. The story of the various steps taken 
to improve the stoker and its performance during the decade 
from 1924 to 1934 makes very fascinating reading, especially to 


® Chief Engineer, Edison Electric Illuminating Company, Boston, 
Mass. Mem. A.S.M.E. 

7 Head, Mechanical Technical Engineering Division, Generating 
Department, Edison Electric Illuminating Company, Boston, Mass. 
Jun. A.S.M.E. 
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those who have been through a similar experience and have given 
much thought to the art of burning fuel for power purposes. 

These developments appear to have been a simple procedure 
when one reads about them, but it should be borne in mind that 
to accomplish such results, much patience, courage and pains- 
taking study is required to meet and solve the many discouraging 
situations. Much money also was needed. 

The improvements in boiler-unit performance with each in- 
stallation are remarkable and praiseworthy, the most unusual 
following the installation of the zoned-and-metered-air equipment 
on the Taylor stokers. This improvement is noteworthy, not 
only because of the ability of the equipment to burn very much 
larger quantities of coal per square foot of grate, but its ability 
to do this with a relatively flat efficiency curve. A stoker equip- 
ped with zoned-air control is really in a class by itself. With 
further experience in the use of this equipment, an even better 
performance with the stoker of the future may be confidently 
expected. 

The high combustion rate obtained with stokers having air- 
control is bound to cause a considerable cinder loss. This should 
not be considered a serious drawback. With suitable cinder 
catchers, much of the cinder rejected by the furnace can be re- 
claimed and burned in the ash pit, materially reducing the 
cinder loss. Even if this loss must be looked upon as a more or 
less serious item, it should be remembered that one cannot get 
something for nothing. If, with a given piece of equipment, 
much greater capacities are to be obtained, it will usually be at 
the expense of something which is not desired. If tremendous 
overloads can be obtained from a given size stoker by running 
it at very high ratings, the capital investment is kept down and 
the overhead charges thereby reduced. The savings in these 
overhead charges which apply to every minute in the life of the 
plant will offset many times the relatively small cinder loss for 
the very short time that the overload capacity is required. 

It is interesting to note that No. 74 stoker is installed under ap- 
proximately the same boiler surface as No. 54 stoker, the former 
giving about double the steam output of the latter. To be sure, 
No. 74 stoker has an economizer surface 50 per cent greater than 
that of No. 54, which would compensate for some of this increased 
capacity. 

The maintenance costs of the various stokers are instructive 
to the reader. There are several questions which come to mind. 
Because of the many changes and experiments made on all the 
stokers after they were installed, much of the maintenance ex- 
pense was no doubt borne by the manufacturer. Were the 
maintenance costs given corrected for this fact? Were units 
1 to 3 and 1 to 4, inclusive, operated during 1932 and 1933, re- 
spectively? No costs were given for these unit periods. Main- 
tenance costs of occasionally used units are often of interest. 
The lack of noteworthy difference between maintenance costs of 
similar units with and without preheated air is unexpected. 
Have the authors any explanation for this lack of difference? 

The discussion about the omission of air preheaters on the 
later installations is very interesting and the arguments for their 
non-use seem to be sound. It is our opinion that if the Brooklyn 
Edison Company were to build another station now, they would 
find it desirable to add a certain amount of preheater surface 
because certainly added economy could be obtained thereby. 
However, one must not lose sight of the fact that there is now a 
very definite limit to the amount of preheating desirable with 
underfeed stokers. 

The authors mention that the first installation at Hudson 
Avenue did not contemplate the use of fans, the thought of the 
designers being that the chimney draft would be sufficient. It is 
the opinion of many that the high-capacity plant of today re- 
requires the use of both forced- and induced-draft fans. There 
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is a point which the average designer is apt to overlook, namely, 
that the capacity of both types of fans, particularly the induced- 
draft, must be ample. Probably more errors in judgment have 
been made in determining the capacity of the induced-draft fan 
than in almost any other part of a given installation. The size 
of this fan fixes the absolute limit of boiler-unit capacity. 

Fig. 12 is difficult to read. This group of curves would be 
very much more valuable to the average reader if its ordinate 
were doubled. The over-lapping of lines and areas is very con- 
fusing. The freedom with which the authors change from boiler 
numbers to row numbers, from output in terms of millions of Btu 
per hour per square foot of stoker area to output in pounds of coal 
burned per hour per square foot of stoker area, is also very con- 
fusing to the average reader. If the references and terms could 
be narrowed down, considerable hunting through the paper 
would be saved the reader. 


AutnHors’ CLOSURE 


Mr. Bennett’s point that any recovery of cinder will be utilized 
at some efficiency less than 100 per cent in the event all the cinder 
is returned to the stoker is important and must be taken into 
consideration when evaluating this loss. In reference to his 
statement regarding the Hudson Avenue installation, “The 
cinders were fed in above the fire, which had a tendency to re- 
circulate them,” tests made since obtaining the results pre- 
sented in the paper indicate: 

1 Approximately 46 per cent of the total cinder produced and 
leaving the stoker was trapped in the boiler hoppers and returned 
to the furnace. 

2 Approximately 25 per cent of that cinder trapped was re- 
circulated, this percentage tending to decrease at the higher 
burning rates. 

3 Between 35 and 40 per cent of the total cinder produced 
remained in the ash pit to be burned. From the ash-pit com- 
bustible-in-refuse loss, reported in a recent paper on the per- 
formance of the Hudson Avenue stokers,® it is evident that this 
35 to 40 per cent returned is completely burned. 

Since the presentation of the paper, a permanent system of 
drain lines has been installed on another row of boilers in the 
station, running from the dry-type cinder catchers through the 
rear furnace walls to the ash pit. These lines have operated in 
a satisfactory manner, conducting the entire catch of the cinder 
trap back to the furnace. 

Mr. Bennett’s design providing for the return of cinder to the 
stoker feed hopper, particularly when it can include the drains 
from efficient cinder catchers, is an inviting one. It will be in- 
teresting to follow the operating experience with the design in 
Fig. 1 of the discussion. 

In considering the significance of the cinder loss, the point 
brought out by Messrs. Moultrop and Eaton regarding the usual 
short duration of high-capacity loadings and the investment 
saving by working equipment at high rating is important in 
judging the economic value of this loss. 

Mr. Gahnkin raised a number of points regarding Fig. 10 of 
the paper. The efficiencies of the generating units in this figure 
were shown plotted against output because this is a usual manner 
of indicating efficiency of steam-generating equipment. The 
output values were derived directly from Fig. 3 of the paper to 
illustrate the effect of the reduction of results to a unit grate- 
area basis. It is true that the extent of heat-absorbing surface 
of the boiler and economizer affects the overall performance, and 
for this reason the dry-gas loss was illustrated in Fig. 10 along 
with the efficiencies in order to show the relatively small differ- 


8 “The Test Performance of Hudson Avenue’s Most Recent Steam- 
Generating Units,” by P. H. Hardie and W. S. Cooper, Trans. 
A.S.M.E., November, 1934, vol. 56, no. 11, paper FSP-56-15. 
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ence in the magnitude of this loss at comparable outputs per 
square foot of grate for the three installations provided with 
economizer or air-heater surface. Using the coal input as ab- 
scissa as suggested by Mr. Gahnkin, and basing calculations on 
the same acceptance-test data used for the reports in the paper, 
the difference in efficiency of the two equipments, No. 74 and 
No. 54, at a coal-burning rate of 60 lb per sq ft per hr is about 
3.75 points on the efficiency scale. This difference in favor of 
No. 74 would be further increased slightly if correction were 
made for difference in dry-gas loss chargeable against the heat- 
recovery equipment. This would be a part of the difference 
indicated between the curves in the lower part of Fig. 10. Be- 
yond the rate of 62 lb per sq ft per hr, the efficiency data for 24- 
hr duration runs are not available for No. 54 boiler. 

In comparing the relative flatness of the efficiency curves 
shown by Mr. Gahnkin in Fig. 5 of the discussion with the curves 
in the original paper, it should be noted that the use of input as 
an abscissa tends to flatten the curve because the input increases 
more rapidly than the output with falling efficiency. Also the 
vertical scale used by Mr. Gahnkin is smaller, the overall effect 
of the two changes being the equivalent of spreading the horizon- 
tal scale on the original curves about tenfold while maintaining 
the same vertical scale. The choice of scale appears to be largely 
a matter of preference depending on whether emphasis is to be 
placed on small differences or on general similarities. 

Mr. Gahnkin’s discussion of the variation in furnace volume, 
heat release and loss due to unburned hydrocarbons is in general 
agreement with the authors’ paragraph 6 under “Discussion of 
Results” in the paper. However, Mr. Gahnkin apparently 
favors crediting the stoker with those parts of the unburned-gas 
and unaccounted-for loss which are chargeable to less favorable 
furnace size and design. Unfortunately it is not possible to iso- 
late these parts from the parts of the same losses which may 
properly be chargeable to the stoker itself. It appears a proper 
apportionment could only be made by a test comparison of other- 
wise identical units of equipment having different furnaces but 
having fuel and other operating conditions identical. The con- 
clusion drawn by Mr. Gahnkin that the efficiency curves for both 
stokers is identical throughout the entire range does not appear 
to be supported by the data except under conditions of the as- 
sumption made by him. The approximate equality in the lower 
ranges of rating as quoted by Mr. Gahnkin is not at variance 
with efficiency differences indicated by the author in Fig. 10 of 
the paper. 

Mr. Keppler’s statement gives data on the capacity of a short 
stoker. The Hell Gate stoker cited, of nearly 16 ft projected 
length, has an underfeed section approximately 9 ft in length as 
compared with the 13-ft underfeed section of the stokers on the 
No. 4 unit at Hudson Avenue, which are the shortest stokers 
tested there without draft limitation. The example of the Hell 
Gate stoker is a definite instance of the statement in the paper 
that the capacity limitations discussed do not apply to shorter 
stokers. It is the belief of the authors, based on the observa- 
tions of many tests, that ability to operate at high ratings for 
short periods even up to 12 hours is not an indication that the 
same rating can be carried continuously for 24 hours. Neverthe- 
less, the Hell Gate tests, if repeated at approximately this load 
and duration, must be accepted as an indication of the ability 
of the shorter stoker in comparison with the data presented on 
the long stokers. 

Mr. Purcell’s comment that each stoker installation must be 
designed for the specific coal to be used is an important one from 
the viewpoint of the prospective user of large stokers. From 
the relation of his experiences, the statement seems well founded 
on fact. The authors know of other installations where numer- 
ous troubles developed in the initial application, and stoker- 
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design changes were required before satisfactory operation was 
attained. 

The authors do not wish any inference to be drawn from the 
paper regarding expressions on the superiority of stokers or pul- 
verized-fuel firing, but would agree with Mr. Purcell that each 
new installation merits special investigation of both methods of 
firing for the particular conditions and the taking into considera- 
tion of the latest developments of each method. This was done 
at Hudson Avenue. In this connection, the tabulation of yearly 
boiler efficiencies given in Table 5 in the paper is believed to 
compare not unfavorably with pulverized-fuel installations. 

Regarding the first question raised by Messrs. Moultrop and 
Eaton on maintenance, it can be said that in general the manu- 
facturer was assigned a single stoker on which to do his experi- 
menting and he carried the maintenance expense of all parts 
which were not standard in the other stokers. The figures 
quoted do not contain any of the costs which the manufacturer 
carried on the experimental unit. 

In reference to the operation of Units 1 to 3 and 1 to 4, inclu- 
sive, in the years 1932 and 1933, respectively, the number of 
operating hours of these stokers and boilers in these years was 
so low as to make unit maintenance costs of no value for compari- 
son. 

As to the difference in maintenance cost of the stokers with and 
without preheated air, the only feature which the authors can 
point to as being different from many other preheated-air in- 
stallations is the relatively low temperature of air. The aver- 
age temperature is 350 F while the maximum is 380 F. It 
should be noted that it was in 1931 that the No. 4 row was first 
operated with link-grate stokers. In 1932 the maintenance costs 
for the No. 4 row rose sharply, largely because the operating 
hours for 1932 was less than one third the number for 1931. 
The authors hesitate to predict just how the maintenance for 
row No. 4 and row No. 5 would have compared had they con- 
tinued in parallel operation for several years at approximately 
the same number of service hours and coal-burning rates. 

The comments on Fig. 12 and on limiting the use of terms are 
well taken. 


A New Method of Investigating Per- 
formance of Bearing Metals’ 


C. 8. Cote.? There are many sides to this bearing question— 
the properties of the bearing, of the lubricant, and the mechanical 
design of the bearing itself. In the first of these phases the 
Copper & Brass Research Association undertook an intensive 
study last year at Battelle Memorial Institute, on the properties 
of six of the more commonly used materials. The results of this 
work were published in a paper* presented before the American 
Foundrymen’s Association in June, 1934. These data are 
available either in the Transactions of that Society or as pre- 
prints which this Association would be glad to send any one 
interested. It would be most interesting to see the correlation 
of these studies with tests such as Mr. Connelly is making. 


L. M. Ticuvinsky.* The paper by Mr. Connelly presents an 
interesting manner of attacking the complicated problem of 
wear of bearing metals. Metal-to-metal contact occurs fre- 


1 Published as paper IS-57-1 by John R. Connelly in the January, 
1935, issue of the A.S.M.E. Transactions. 

2 Engineering Assistant, Copper & Brass Research Association, 
New York, N. Y. Mem. A.8.M.E. 

3“*A Study of Six Bearing Bronzes,’’ by O. E. Harder and C. 8. 
Cole. 

4 Research Laboratories, Westinghouse Electric & Manufacturing 
Co., East Pittsburgh, Pa. 
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quently in small and medium-sized bearings® at the moments of 
starting and stopping of the machines. The rate of wear, there- 
fore, in some bearings may be very large and special provisions 
should be made in order to secure a safe performance of the bear- 
ing. 

It is known that the present methods of wear measurements 
are still insufficient for obtaining complete wear criteria. This 
may be explained by the great number of parameters constituting 
the function of wear of metals. The New International Associa- 
tion for the Testing of Materials discussed in 1930 in Ziirich the 
problem of wear of metals. The wear there was expressed® as 
follows: 

W = f(S, H, M, MS, P, p, », F, f, L, t) 
where S is the state of the surface 
= hardness 
= molecular forces 
microstructure 
full load 
specific load 
peripheral velocity 
force of friction 
coefficient of friction 


—R 


‘ Large bearings are usually provided with a high-pressure pump 
for the purpose of leading the oil under the journal and lifting it at the 
moments of starting and stopping. 

*See First Communications of the New International Association 
for the Testing of Materials, 1930, Group D; ‘‘New Scientific Methods 
of Subdivided Quantitative Wear Testing of Metals,’”’ by A. K. Zait- 
seff, p. 86. 


381 


L~ = work of abrasion deformations 
4 = temperature at the rubbing surfaces. 


This large number of variables will still increase if properties of 
lubricants used will be included and duration of test considered. 

Referring to the author’s paper, it seems that it will be more 
advisable to have the rate of wear plotted against time instead of 
unit pressure. 

The coordination of action of those involved in wear testing of 
metals will approach the time of optimum wear-test methods 
which may be accepted by engineering institutions. 


AvuTHOR’s CLOSURE 


This new method utilizes a new mode of attack and makes 
possible the investigation of certain characteristics of bearings 
heretofore undetermined. 

The author wishes to emphasize the value of and need for some 
central clearing agency for work in bearings. Much work has 
been done by independent investigators. Mathematicians, 
chemists, and metallurgists have all contributed. Yet the fun- 
damental problems remain unsolved and no particular theory 
has received general acceptance. 

It is hoped that the A.S.M.E. Main Research Committee will 
see fit to establish a subcommittee on bearings to act as a co- 
ordinating body for all the work on bearings which will include 
metals and other solids, lubricants, and the various physical 
factors. 

Unnecessary duplication will be largely avoided and more 
economical coordinated research made possible. 
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The Design and Performance of a 


High-Pressure Axial-Flow Fan 


By LIONEL S. MARKS! ann THOMAS FLINT,? CAMBRIDGE, MASS. 


This paper deals with the design and performance of an 
eight-bladed axial-flow fan to give high pressures and an 
approximately constant horsepower characteristic. The 
performance in the laboratory indicates the attainment of 
a static pressure of 22.2 in. of water at a peak efficiency of 
77.5 per cent, with a peripheral speed of 40,000 fpm. The 
no-flow horsepower is only 16 per cent greater than at peak 
efficiency. The performance is compared with that pre- 
dictable from wind-tunnel tests of a cascaded series of air 
foils. 


PAPER! published in the A.S.M.E. Transactions in 1934 
J éiceusos the design of a three-bladed axial-flow fan and 

gave results of tests conducted with it. This fan gave a 
peak efficiency of 80 per cent and could develop a static pressure 
(according to tests at 18,000 fpm peripheral velocity) of 18.5 
in. of water at the permissible peripheral speed of 4000 fpm. 
There was one feature about the performance of this fan which 
is shared with many other fans but which was regarded as un- 
satisfactory, namely, the horsepower output increased steadily 
as the air flow was restricted until at the no-flow condition it was 
approximately 125 per cent greater than at peak efficiency. 

The present paper deals with an attempt to design a fan (1) 
for still higher pressures, approximating the practical limits for 
the axial-flow type and (2) with a horsepower input which does 
not rise materially above its value at peak efficiency. It was 
realized that in order to obtain these objectives it would probably 
be necessary to accept an efficiency lower than that of the three- 
bladed fan, but this did not seem important as long as the 
efficiency was high. 


1 Professor of Mechanical Engineering, Harvard University. 
Mem. AS.M.E. Professor Marks was born in Birmingham, England. 
He received the degree of B.Sc. from the University of London in 
1892 and M.M.E. from Cornell University in 1894. He was with the 
Ames Iron Works, Oswego, N. Y., in 1894 and then went to Harvard 
University as instructor in mechanical engineering. In 1900 he was 
made assistant professor and in 1909 was advanced to his present posi- 
tion. Professor Marks is the author of ‘‘Steam Tables and Diagrams,”’ 
“Gas and Oil Engines,’’ ‘‘Mechanical Engineers’ Handbook,” and 
“The Airplane Engine,” and has contributed numerous articles to the 
technical press. 

? Designer of conveying equipment, J. W. Greer Company, Cam- 
bridge, Mass. Jun. A.S.M.E. Mr. Flint was graduated from Har- 
vard University with a B.S. degree in 1928, and received his M.S. 
degree the following year from the same University. He has held 
positions as assistant foreman in the cold-rolling department, 
American Steel & Wire Company, 1929-1930; engineer, lead ex- 
trusion department, Simplex Wire & Cable Company, 1930-1933; 
and assistant in mechanical engineering, Harvard Graduate School 
of Engineering, 1933-1935. 

’“The Design and Performance of an Axial-Flow Fan,” by L. S. 
Marks and J. R. Weske, Trans. A.S.M.E., vol. 56, 1934, paper AER- 
56-13, pp. 807-813. 

Contributed by the Aeronautics Division for presentation at the 
Annual Meeting of THe AMERICAN Society or MECHANICAL ENn- 
GINEERS to be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of the paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1936, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Ratio of Cascade Litt per Blade to Litt of a $ingle Blade 
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the = Separation/Chord Length 


Fig. 1 Lirr CoerricieENtTs FOR A CASCADE SERIES OF AIRFOIL 
SEcTIONS 


Various considerations indicate that a larger hub would be 
necessary and a larger number of blades desirable. It was de- 
cided arbitrarily to use eight blades. 


CascapE TESTS 


It was proposed to base the design on airfoil theory and wind- 
tunnel constants. No wind-tunnel data were found in the litera- 
ture on the effect of mutual blade interference in a cascaded 
series of airfoils. To supply this information, S. Ober, Associate 
Professor of Aeronautical Engineering, Massachusetts Institute 
of Technology, conducted a series of wind-tunnel tests on a cas- 
cade of five identical airfoils with boundary walls at both ends 
(representing the hub and casing of a fan) and determined the 
lift and drag of the central airfoil which was free from the boundary 
walls. The Gottingen No. 429 profile with a straight chord was 
investigated, and tests were made for various stagger angles 8, 
for two angles of attack a, and for a series of values of the ratio 
of separation along the line of stagger to chord length t/c. Ratio 
of the lift observed to the lift on a single blade is shown in Fig. 1. 

According to Professor Ober, these tests are neither extensive 
nor accurate enough to warrant complete confidence. The fact 
that they are strongly at variance with the theoretical values of 
Numachi‘ would seem to invalidate Numachi’s theory rather 
than cast doubt on the test results. 

4 “Aerofoil Theory of Propeller Turbines and Propeller Pumps With 
Special Reference to the Effects of Blade Interference Upon the Lift 


and the Cavitation,’’ by F. Numachi, Tech. Reports, Tohoku Imperial 
University, Sendai, Japan, vol. 7-8, no. 3, 1927-1928, pp. 411-469. 
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In view of these uncertainties the proposed basis of design was 
abandoned. The analysis of the actual fan performance on 
the basis of the coefficients given in Fig. 1 shows, however, that 
the cascade-test results cannot be much in error and indicates 
the desirability of further work of this kind as the basis of axial- 
flow-fan design. 


Design Metuop Usep 


The design method decided upon was based on the equations re- 
cently presented by O’Brien and Folsom,’ although, subsequently, 
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Pitch Angle of the Air Stream 


Fie. 2. VARIATION oF DEVELOPED Heap, VeLociry Heap, 
Static Heap Witrn Pitch ANGLE OF THE AIR STREAM FOR ONE 
PARTICULAR VALUE OF THE PARAMETERS C,, c/t, AND \ AS TAKEN 
From O'BRIEN AND Fotsom’s® EQUATIONS 
(U = 100 fps and g = 32.2 ft per sec per sec.) 


it was found to be less accurate than the method employing the 
results of the cascade-tests. In a discussion* of the paper? 
on the design and performance of an axial-flow fan, O’Brien and 
Folsom showed that these equations gave results agreeing satis- 
factorily with the observed performance. On this somewhat 
meager basis, it was decided to utilize the O’Brien and Folsom 
procedure. As stated by them, ‘The method of computation is 
essentially that used by Pfleiderer? with, however, modifications 
which result in a better agreement between the computed and the 
measured head-capacity characteristics.’ 

In these equations, the following symbols are used and apply 
to any cylindrical section: , 


H, = the total or developed head, ft of the working fluid 
H, = velocity head, ft of the working fluid 

H, = static head, ft of the working fluid 

U_ = the tangential velocity of the blade section, fpm 
Vu; = the tangential velocity of the air at exit, fpm 

V, = the axial velocity of the air at entrance, fpm 

C, = the lift coefficient with infinite aspect ratio 

Cp = the drag coefficient with infinite aspect ratio 


5 “Propeller Pumps,’’ by M. P. O’Brien and R. G. Folsom, Trans. 
A.S.M.E., vol. 57, July, 1935, paper HYD-57-3, pp. 197-202. 

* Discussion by M. P. O’Brien and R. G. Folsom of ‘‘The Design 
and Performance of an Axial-Flow Fan,” by L. 8S. Marks and J. R. 
Weske, Trans. A.S.M.E., vol. 57, August, 1935, p. 344. 

7“Die Kreiselpumpen,’’ by Carl Pfleiderer, Julius Springer, 
Berlin, 1932. 


the chord length, ft 
the circumferential distance between blades, ft 


~ 
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8 = the pitch angle of the air stream, or the angle between 
the geometric mean value of the relative velocities 
in front of and behind the blade and the direction of 
blade motion 

A. = (Cp/C,). 


Combining the equations of O’Brien and Folsom 


sin (8 + A) 
2U? cos 


Ha [1] 
E sin 8 + C, 

H, = H, + H,...... 

H, = + V,*)/2g9 

Ves = Hy g/U.... 14] 

V, = (U Vous) tan [5] 


A graphical representation of Equation [1] is shown in Fig. 2, 
in which H, is plotted against 8. A series of H, curves is given 
for constant values of C,, c/t, and X. For the lowest H, curve 
shown, there are added corresponding velocity-head and static- 
pressure curves. At values of 8 greater than that at which the 
H, and H, curves intersect, the static pressure becomes negative. 
The bounding broken curve on the right gives the values of 8 
at which the static pressure becomes zero. 

The velocity of the air stream at entrance V, is assumed con- 
stant at every cylindrical section. As the tangential velocity 
of the blade section varies with the radius, the pitch angle of 
the air stream must increase from blade tip to hub as seen from 
Fig. 3. Fig. 2 shows that the static pressure diminishes con- 
tinuously to zero as 8 is increased. The greater the combined 
value of the parameter determining H,, or the greater C,, c/t, 
and , the sooner this effect occurs. In order to keep Hy con- 
stant at every cylindrical section and thus avoid losses from re- 


7 = Vu 2 Vus 


Ures) 


Fie. 3) VARIATION OF PitcH ANGLE OF THE AIR STREAM WITH 
TANGENTIAL VELOCITY OF AIRFOIL 


circulation through the fan, it is necessary to increase C, and 
c/t. It is obvious, therefore, that for efficient high-pressure 
operation a large hub must be used. 

There are three ways by which the head developed H, may 
be maintained as the tangential velocity decreases toward the 
hub: 

1 By choosing increasingly thick or increasingly curved 
profiles. This will increase somewhat the value of C; with an 
attendant slight increase in Cp. 

2 By increasing the angle of attack a. This angle is the dif- 
ference between 8 and the pitch angle of the blade section, at any 
cylindrical section. This method increases the value of C, 
rapidly but soon begins to increase Cp at an even greater rate, 
as shown in Fig. 4. 

3 By increasing the length of the blade-section chord. This 
method produces a reasonable increase in lift without excessive 


LBS 
4 
q 
4 
4 
4 
4 
3 
f, 
V 
fF 
ap 
4 
| 
q 
4 
| 


AERONAUTICAL ENGINEERING 


increase in drag and was the method selected for the design of 
this fan. Another important reason for choosing this method 
in preference to the conventional method (increasing the angle 
of attack) was that it rendered it possible to design the fan so 
that no blade section had a pitch angle greater than the angle of 
attack at which that section would “burble’”’ or break down. 
It was hoped that the elimination of the break-down point, with 
its attendant increase in drag, would effectively prevent the rise 
of horsepower input at low capacity. 

After selecting a convenient speed for the fan design, an ap- 
proach velocity V, was selected so as to give reasonable capacity. 
The profile section was chosen from those listed in the N.A.C.A. 
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Each of the static heads resulting was corrected for section- 
drag loss H,, which equals C,(c/t)(V*/2g) (tan \/sin 8), where 
V2 = V,2 + (U—} Vus)?. 

No correction was made for losses from friction in the air pas- 
sages because of the shortness of the passages. 

The details of the fan design are given in the pattern drawing, 
Fig. 5. Its arrangement in the casing is shown in Fig. 6. The 
stationary nose is supported by three streamline struts. The 
stationary streamline continuation of the fan hub is centered in 
the casing by a spider of five radial blades and contains the ball- 
bearings which support the shaft at the fan end. The guide 
vanes are located between the fan and the radial blades. The 

guide vanes were designed after the fan was built and are 


7 T | T 7 ay based on measurements of air-discharge angles from the 
1S G Ve od Ss 0.030 fan when operating at 3600 rpm and at capacities of 3000 
S and 4000 cfm. The angles were determined by the use of 
LY - Ya G 100 0.088 a directional tube,® and also by threads, and were measured 
at the three design sections. The measured angles are 
| listed in Table 1. The inside and outside section read- 
ha Cy t— 80 2.024 ings are affected by boundary conditions. Guide vanes 
L / were made with angles corresponding to those measured 
a Z y/ at 4000 efm and are shown in Fig. 7. 
\ 
09 So The arrangements for the fan tests were substantially 
S os A fd |__| nn the same as those described in the paper by Marks and 
Weske? and illustrated in Fig. 6 of that paper. The only 
$ a7 Ay 64/2 _ 30 0.016 = notable change is that calibrated orifices were substituted 
S o° LF S for the nozzle for measuring ai d the fan shaft 
Ks or O22 r measuring air an e fan was 
x ae en i ec halved in length, which made it possible to operate with 
64 d 3600 
oS oo speeds up to rpm. 
| N Complete tests were made at 3600 rpm both with and 
04 | = lio 000 Q without guide vanes and at 2400 rpm with guide vanes. 
Fig. 8 gives a comparison between the performance with 
An 9 le of Attack & and without guide vanes, while Fig. 9 gives a comparison 
between the performance at the two speeds. 
Fic. 4 Proverties or THE N.A.C.A. Prorites Usep FOR THE The horsepowers shown in Figs. 8 and 9 and used in the 


Ax1at-FLow Fan 


Report No. 460, having in mind higi: ienecy (high lift-drag 
ratio), a high value of the angle of attack at the burbling point, 
and adequate strength for the inside section. The properties 
of the three sections selected are shown in Fig. 4. 

The outside section was designed first, the outside diameter of 
the fan being determined by existing laboratory equipment. 
At each section, the angle of attack used was that for maximum 
lift-drag ratio at the design point of the fan. The value of ¢ 
for any cylindrical section was determined by the number of 
blades. #'From this point on, a cut-and-try procedure was fol- 
lowed. A value of H, was chosen somewhat higher than the 
desired static pressure. The tangential velocity of the air at 
exit Vas was found from Equation [4], 8 from Equation [5], 
H, from Equation [3], and H, from Equation [2]. A weighted 
average, based on the square of the radius of each section de- 
signed, was taken of the static heads developed at the three 
sections designed. These were (1) the outside section with a 
radius of 9.65 in., (2) the section next to the hub with a radius 
of 6.76 in., and (3) a section midway between these two with a 
radius of 8.2 in. If this average gave the desired static head, the 
original H, was used; if not, a new calculation was made. 
When the proper value for H, was found, Equation [1] was 
solved for c for each section. The hub diameter was taken as 
that at which the pitch angle of the blade exceeded the angle of 
attack at which burble occurs. 

The section at the hub and the center section were designed 
in the same way, keeping //, and V, constant for all sections. 


calculations of efficiency are net horsepowers obtained by 
subtracting the friction horsepower from the dynamometer 
horsepower. Friction horsepower was determined by replac- 
ing the fan with a bladeless hub of the same form and. weight 


TABLE 1 MEASURED AIR-DISCHARGE ANGLES AT THREE 


DESIGN SECTIONS 


Radius Discharge angle, deg———~ 
in. 3000 cfm 4000 cfm 
9.65 58 40 
8.21 52 35 
6.76 57 38 


and observing the dynamometer horsepower required to rotate it 
at various speeds. When operating at 2400 rpm, the horsepower ~ 
input is low and the friction horsepower is about 20 per cent 
of the dynamometer horsepower. Any considerable error in 
determining the friction horsepower would have an appreciable 
effect on the calculated value of the net horsepower at this 
speed. At 3600 rpm this source of possible error is negligible, 
since the friction horsepower is then a small fraction of the net 
horsepower. The question of possible error of the horsepower 
determinations at 2400 rpm is raised here because the peak effi- 
ciency at this speed is 82.5 per cent as compared with 77.5 per cent 
at 3600 rpm. This same variation of peak efficiency with speed 
was found in the three-bladed fan* and was commented upon as 
having been previously observed in the operation of propeller and 
centrifugal pumps. 


’“The Determination of the Direction and Velocity of Flow of 
Fluids,”” by L. 8. Marks, Journal of the Franklin Institute, vol. 217, 
1934, p. 207. 
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Cylindrical Sections Through 
Fan Blades 


Fig. 5 Patrern DRAWING oF THE AXIAL-FLow Fan TESTED 
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The following observations may be made on the test results: 

1 The static pressure at 3600 rpm and at peak efficiency is 
4.7 in. of water, which corresponds to a static pressure of 22 in. 
of water with a tip speed of 40,000 fpm. This is an increase of 
22 per cent over the static pressure obtained in the three-bladed 

2 The net horsepower at no-flow is 16 per cent greater than the 
net horsepower at peak efficiency and compares with an increase 
of 125 per cent for the three-bladed fan.* This is a most im- 
portant result since it permits the use of driving equipment of 
only half the power of that necessary for the three-bladed fan.* 

3 The peak efficiency (total efficiency) is 77.5 per cent as com- 
pared with 80 per cent for the three-bladed fan. However, a 
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Fie. 7 Gurpe-VANE SECTIONS 


comparison of peak efficiencies alone may be misleading; the 
efficiency is maintained better with the fan described in this paper 
than with the three-bladed fan.* For example, at half the ca- 
pacity giving peak efficiency, the present fan has an efficiency of 
54.5 per cent as compared with 45 per cent for the three-bladed fan. 
At capacities above that giving peak efficiency, the efficiency falls 
off very rapidly. 


Discussion oF Test RESULTS 


It is interesting to make a comparison of the test results with 
those predictable from the cascade-test data given in Fig. 1. 
As a sample procedure utilizing these data, take the outside sec- 
tion with a diameter of 19.3 in.; a N.A.C.A. 6306 blade section 
as shown in Fig. 4; a volume of 4000 cfm; an entrance velocity 
V, of 65 fps; a speed of 3600 rpm; and a section tangential 
velocity U of 303 fps. 

Assume H, = 520 ft of air. 

From Equation [4], Vus = 55.4 fps. 
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From Equation [5], 8 = 13 deg 16 min, and since the blade 
pitch angle (8 + a) = 15 deg 30 min as seen from Fig. 5, a = 
2 deg 14 min. 

From Fig. 4, C, = 0.775 and Cp = 0.0093. 

Interpolating in Fig. 1, the correction factor k for mutual blade 
interference is 0.610. The correction factor for Cp is negligible. 

The lift coefficient normal to the long axis of the blade section 


C, = (kC, cos a) + Cp sin a = 0.472. 
The lift coefficient parallel with the axis of the fan 
C, = C,[cos (8 + «)] — C, [sin (8 + a)] 


where C, = C,sina— Cy cos a = 0.455 
The velocity of the air stream relative to the blade section 


V = V IV; + (U — 2 Vus)*] = V 79,900 fps 


The thrust per blade 77 = C, X V* X d X area of the blade 
lying between two cylindrical sections bordering closely the de- 
sign section, where d is the density of the working fluid. 

Multiplying T by the number of blades and distributing it 
over the area enclosed by the two bordering cylindrical sections 
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gives the developed head H,, which for this particular case is 
found, after two more trial assumptions for H,, to be 6.4 in. of 
water. The static head H, is determined from Equation [2] 
and a weighted average is then obtained. 

The static pressures as obtained by this procedure, together 
with those which were predicted from the O’Brien and Folsom 
formulations,’ are shown in Fig. 10, the experimentally deter- 
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mined static pressures being given by thesolidline. Both calcu- 
lated curves show a strong similarity to the test curve but 
neither of them follows the shape of the test curve in the range of 
pressures above the point of inflection of that curve. For static 
pressures below the inflection point, the cascade method gives 
results which come very close to those of the test curve and the 
difference may well be ascribed to factors such as clearance and 
leakage losses, for which no corrections have been made. 

It is interesting to note that the inflection in the test curve 
comes at a volume for which the angle of attack for all the blade 
sections is considerably below that at which break-off occurs, 
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THEORETICAL VALUES AT THREE BLADE SECTIONS 


and is at a point where the horsepower curve is falling. This 
would seem to preclude the interpretation of this phenomenon 
as the breakdown point of the various blade sections. 

In Fig. 11 are given the values of the developed head H, at 
the three design sections as calculated from the cascade-test 
data. The test results for total head are also shown. The cal- 
culated developed heads do not have the same value at the three 
design sections under any condition of operation. The sections 
were designed by the procedure given by O’Brien and Folsom® 
in order to have a common value of developed head at 2900 cfm. 
At the peak efficiency, the developed head is seen to be 6.4 in. of 
water and falls to 4.2 in. at the hub. Such a pressure difference 
would result in recirculation between the blades, and therefore 
indicates one method of improving the efficiency. 

The air-discharge angles at the middle section of the blades, 
as calculated from the cascade tests, are in very close agreement 
with the measured angles, being better than 0.25 deg. As calcu- 
lated by the O’Brien and Folsom method,* they are about 8 deg 
30 min too large. Near the hub and the tip a comparison is use- 


less, as the boundary effect is unknown. 

The noise intensity of this fan was not measured, but it was 
comparatively low when operated at capacities down to the inflec- 
tion point of the static-pressure curve (2900 cfm at 3600 rpm). 
Below this point a penetrating wailing noise developed suddenly 
and persisted down to the no-flow condition. 
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Arc-WELDED ENGINE NACELLE ON BOEING TRANSPORT PLANE 


Reliability of Aircraft Welds 


By N. F. WARD,: BERKELEY, CALIF. 


This paper outlines the effects of fusion welding upon 
the dependability of structures in aircraft, due considera- 
tion being given to the existing conditions of welding prac- 
tice found in this field. Obviously, the fusion welding of 
steel is of primary importance, since this is accepted prac- 
tice. For the purposes of analysis, specimens prepared by 
experienced aircraft welders were subjected to physical 
tests and microscopic examination. With this informa- 
tion certain guiding principles in design for welding are 
outlined. 


INTRODUCTION 


DEQUATELY designed airplanes, when fabricated by 
A processes which produce safe carriers requiring a mini- 

mum of maintenance, represent the primary and sub- 
stantial contribution to air transportation. The design of mod- 
ern aircraft is guided largely by service requirements and eco- 
nomical fabrication processes which are consistent with struc- 
tural stability. 

The modern airplane is no simpler in structural form than its 
predecessor the tubular fuselage. In fact, the great variety of 
joints and fittings built in the all-metal airplane with prestressed 
covering, imposes additional fabrication costs which were ab- 
sent in the welded airplanes of former years. Fusion welding, al- 
though contributing a reliable structural unit with favorable 


1 Assistant Professor, University of California. Assoc-Mem. 
A.S.M.E, Professor Ward was graduated from Cornell University 
in 1921 with an M.E. degree and received his M.M.E. degree from 
the same University in 1927. From 1921 until 1927 he was em- 
ployed as instructor in machine design and heat-power engineering 
at Cornell University, leaving that position to become assistant 
professor in mechanical engineering at the University of California. 
He also served as lecturer at the Boeing School of Aeronautics, 
Oakland, Calif., and consulting engineer for the American Tractor 
Equipment Company, Oakland, Calif. 


physical properties and the minimum of excess weight, is a fab- 
rication process which is largely displaced by other methods with 
the advent of modern all-metal construction. The principal 
reason for the lessened emphasis on fusion welding is the vitiat- 
ing effects of welding heats upon the alloys of thin section with 
further difficulties, in many instances, where low-melting-tem- 
perature alloys are required. Undoubtedly this field for struc- 
tural application is inept for fusion welding, but entirely within 
the field of resistance welding. The successful use of resistance 
welding of thin sections in stainless-steel structures has been 
demonstrated by performance. Further extension of this type 
of welding to other metals is to be expected. However, fusion 
welding is utilized effectively from a structural and economical 
standpoint in the modern all-metal transport plane for such 
structural units as engine mountings, nacelles, shown in Fig. 1, 
fittings, and the landing gear. 

Due to the complexity of structural units such as shown in 
Fig. 2, it is apparent that the usual fusion welding demands a 
precise skill during placement which only a manual operator can 
exercise. The degree of reliability in the weld is reduced to 
adequate training and experience of the welding personnel. At 
the present time, training is given at the aircraft manufacturing 
plants and only after successful welding of aircraft parts such as 
exhaust stacks, tanks, and fittings, is the experience recognized 
as sufficient to permit the operator to do structural welding. 
Through the efforts of the American Welding Society procedure 
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in aircraft welding has been revised and improved on the basis 
of experience, so that if closely adhered to, it should produce welds 
as reliable as human experience can devise. 


SIGNIFICANCE OF Static TEstT 


A study of failure under static loading such as encountered in 
the standard hardness and tension tests, although not simulated 


Fig. Typicat Gas-WELDED CLUSTER JOINT 


in actual service, serves with the aid of microscopic examination 
to detect inherent characteristics of welded joints. When these 
qualities in the weld and its immediate vicinity are recognized, 
suitable application of this type of joint is assured. 

For specific data in this connection, butt-welded tubes of cold- 
drawn chrome molybdenum §.A.E. 4130 steel were used. 
The tubes were 1 in. in diameter and 3 in. long, and had a wall 
thickness of 0.049 in. They were butt-welded with oxyacetyl- 
ene torch and low-carbon-steel welding rod to form a specimen 
with an overall length of 6 ft. The welded tubes were fitted with 
steel plugs in both ends and inserted far enough to absorb the 
crushing load of the friction grips in the 30,000-lb Olsen Univer- 
sal testing machine. The results of the commercial tests of the 
tubes, summarized in Table 1, are indicative of the reliability in 
static tension of the usual butt-type weld. 


TABLE 1 TENSION TESTS OF BUTT WELDS IN 1-IN. TUBES 


Ultimate stress, Ductility 
lb per sq in. in 2in., % Remarks 
Minimum........ 87,800 9.4 Broke in weld 
Maximum....... 93,300 9.4 Broke in annealed 
section, see Fig. 3 
Avg of six........ 91,200 9.4 eee 


TABLE 2 COMPARISON OF HEAT-TREATED SPECIMENS 
OF BUTT-WELDED AND UNWELDED TUBES 


Ultimate stress, Ductilit 


lb persqin. in2in. % Remarks 
Minimum.......... 129,000 6.25 Broke in weld 
Maximum......... 153,300 9.4 Broke in tube 
Original tube as Broke at 
156,000 25.5 mid-section 


After subjecting another group of butt-welded specimens to a 
combination of normalizing treatment at 1700 F hardening in 
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water from 1700 F and tempering at 900 IF’, the results shown in 
Table 2 were obtained under static tension. 

Prior to the tension tests and after the tubes were welded, a 
survey of hardness with a Rockwell hardness tester was made. 
The average values of three readings in the weld and at !/,-in. 
intervals either side of the weld were observed as indicated in 
Fig. 3. After heat-treatment the butt-weld hardness increased 
to Rockwell B-82 and the hardness either side of the weld re- 
mained uniform at average values of C-6. These tests indicate a 
softening or annealing in the region of the outer envelope of the 
welding flame which produces sufficient heat to recrystallize the 
cold-drawn microstructure. In the heat-treated tubes the varia- 
tion in hardness was adjusted with the exception of the weld, 
where an increase in hardness was evident. 

For static tests the indentation of the hardness penetrator 
appears to have little or no effect on the tube strength. Yet for 


Fie. 3 Fractures IN TENSILE SPECIMEN. HARDNESS 
NumBers aT !/i-In. INTERVALS BerorE TENSILE Tests ARB 
SHOWN ON THE CENTER SPECIMEN 


Fie. 4 MAcHINE FoR TuBES UNDER BENDING 
STRESS 


the dynamical loading, encountered during fatigue tests, the 
indentation inhibits a weakness not already in the tube as welded. 
For this reason it was thought inadvisable to determine the hard- 
ness on fatigue specimens. Since the fatigue tests alter the physi- 
cal structure of the metal, hardness determination after the test 
would be of little value. It remains for the microscopic examina- 
tion to explain the allocation of the fracture as a result of the 
fatigue tests. 
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Faticgup Tests or TusEes 


With usual service conditions inducing repeated stresses, the 
endurance of welded tubes under repeated loading is a logical 
test. Due to limitations of grip size on the fatigue-testing ma- 
chine which was available, it was necessary to use '/,-in. chrome- 
molybdenum 8.A.E. 4130 tubes with 0.049-in. wall thickness. 
Since the smaller tubes are more difficult to weld accurately, the 
results should represent less favorable performance than the 
average. In other words, the minimum values for design are 
indicated by these tests. 

The fatigue machine shown in Fig. 4 is of the cantilever type 
in which one end of the specimen is held rigidly while the other 
end is guided and loaded with an 80-lb indicator spring. The 
spring load deflects the specimen and induces the maximum 
stress at the inner side of a rigid clamp. In the tube tests, the 
maximum stress is in the region affected by the welding heats. 
The mounting of the tubular specimen requires the steel plug on 
the clamped end to prevent collapse of the tube under the grip 
pressure. A similar plug is inserted in the opposite end which 
engages the ball-bearing housing through which the spring load 
is applied. 

Each heat-treated specimen, as welded with oxyacetylene 
flame, was tested for a given spring deflection which was meas- 
ured on the dial gage shown in Fig. 4. By means of a direct- 
connected '/,-hp motor, the single specimens were rotated at 
1725 rpm until fractured. This was possible by subjecting each 
specimen to a different stress by proper spring adjustment. 
The results are plotted on the curves in Fig. 6. For maximum 


Fie. 5 Fatiaue Faruure or '/;-In. Cr-Mo Steet Tusine 
(a, tube as received; 6 and c, Oxyacetylene-welded tubes.) 


deflection the specimens fractured as low as 62,000 reversals. 
For stresses of low intensity some of the specimens did not break 
after 3,000,000 reversals. In every instance the specimens as 
welded broke adjacent to the weld bead as shown in Fig. 5. On 
which side of the weld bead failure would occur wasn ot predicta- 
ble. Some failed on the side nearest to the rigid grip and an 
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equal number of other specimens failed on the opposite side of 
the weld bead, as shown by comparing Fig. 5c with Fig. 5b. The 
fracture in the unwelded tube may be seen in Fig. 5a. 

Several observations for butt-welded tubes during these com- 
parative tests show that loads inducing high stress are accom- 
panied by failure during a wide variation of cyclic frequency. 


12 
+ 
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o Welded Tubular Specimens 
\ after Heat Treatment 
+ 2 
”) Dial Not 
Break 
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Fie. 6 Faticus-Test Curves oF !/2-In. Cr-Mo OxyacerTyL- 
ENE-WELDED Tuses WITH 0.049-In. WALL THICKNESS 


The heat-treated specimens develop a more uniform response 
to fatigue in bending. Improvement of the endurance limit by 
heat-treatment of welded tubes in these tests amounted to ap- 
proximately 40 per cent. The ratio of endurance strength to 
static tensile strength of the tubes as welded was '/,, while for 
welded tubes after heat-treatment the ratio was !/3. 

Within probable errors of the test, this comparison between 
the tubes as welded and the welded tubes after heat-treatment 
maintains a close parity for the ratio of endurance limit to ulti- 
mate tensile strength. However, the fatigue failure in the butt- 
welded tube without subsequent heat-treatment has a tendency 
to localize failure in the immediate vicinity of the weld as indi- 
cated by the fractures in Fig. 5. The fatigue failure in the heat- 
treated tubes appeared most frequently at least the diameter of 
the tube from the weld. Obviously, the desire in service is to 
preserve these critical sections against concentration of load by 
any of several types of construction, such as gusseting or rein- 
forcing with straps or telescoping the tubes or using a fishmouth 
joint. 

Where these welds fail has been demonstrated by physical 
tests. Why the welds are more reliable in certain sections and 
vitiated in others is revealed in the microstructure of the weld 
and its vicinity. 


Fie. 7 MuicrosTrucTURE IN OXYACETYLENE-WELD (X 130) 
(a, weld matrix at left with transition beginning at the right; 6, transition; c, annealed section '/: in. and 8/4 in. from weld; d, original cold-drawn tube. 
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INFLUENCE OF WELDING HzEats 


Progressing from the weld outward toward the parent metal, 
the metallurgical changes in the weld may be seen in Fig. 7. 
The large areas of free ferrite are present with less carbon matrix 
than seen in the original tube in Fig. 7d. The weld metal is a 
typical structure found in low-carbon-steel castings cooled slowly 
from fusion temperatures. The precipitation of large ferritic 
masses accounts for the soft weld. The heat used in placing the 
weld has been moderate, since no excess of oxide and nitride 
contamination is evident. The avoidance of high temperature 
in placing the weld is essential to keep the gas (oxygen and nitro- 


MICROSTRUCTURE IN TRANSITION ZONE OF HEAT- 
TREATED WELD 


gen from the air) content at a minimum. These gases develop 
a porosity and form oxides and nitrides which embrittle the weld 
if present in combination. 

The transition zone from weld to tube appears in Figs. 7a and 
7b. The microstructure is large grained and of tough consistency 
which is harder than the weld except at grain boundaries, which 
are soft ferrite. The growth of large-grain structure is a natural 
accompaniment of welding heats. The precipitation of tough 
constituents in this transition zone is largely due to rapid con- 
ductivity of heat from the weld to the cooler tube. The cross- 
section of a weld thus affected with the aircraft welding torches 
persists for '/; in. either side of the welds in varying intensity, 
which depends upon the adjustment of the torch flame and its 
position. The larger grain of the weld in comparison with the 
transition zone represents a source of weakness with reversal of 
loading, since it yields more rapidly than the hard tough metal 
adjoining it in the transition zone. 

Interposed for a distance between '/: in. and */, in. between 
the transition zone Fig. 7a, b and the original plate 7d is found the 
recrystallized section Fig. 7c in which refinement of the grain has 
been produced by contact of a portion of the welding flame or the 
heat as conducted from the weld to the cooler plate or from both 
causes. The existence of this structure explains the fracture in 
this area for sound weld during static-tension tests, rather than 
in the weld. Briefly, the unit stress is least in the weld because 
of its greater section. The softened section (Figs. 3 and 7c) 
strain-hardens with the application of load but suffers a greater 
reduction in cross-sectional area than adjoining sections, thus 
developing greater stress intensity which persists under load un- 
til the ultimate stress is reached and pronounced reduction in 
cross-sectional area continues until fracture occurs. 

Since the base or parent metals in aircraft structural members 
are cold-drawn or rolled, they reach their yield point at a greater 
load than for the annealed section. Where there is a weld frac- 
ture under static-tension load, the specimen has been misaligned 
or the weld has been overheated and consequently embrittled 
by contamination of oxides and “‘cold shuts.” 
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SumMMARY OF PuysicaL CHANGES IN OXYACETYLENE WELD 


In tubing of chrome-molybdenum steel the welding heat is 
beneficial to certain sections and detrimental to others. Since 
chrome-molybdenum steel hardens as it cools in air from fusion 
temperatures, the static strength of the areas adjacent to the 
weld approaches or exceeds that of the cold-drawn sections. Use 
of mild-steel tubing for welded joints effectively prevents as wide 
a variation in hardness, but the strength averages half that of 
chrome-molybdenum steel. The fatigue resistance of the fused 
areas is reduced because of the large grain. Interposed between 
this zone and the cold-drawn section is an annealed section in 
which sound welds finally fracture under static loading. 

Welded-tube sections which undergo proper heat-treatment, 
i.e., normalizing hardening and drawing, develop high ultimate 
strength, as is evident from the values in Table 2. This heat- 
treatment develops a welded structure as reliable as the original 


Fic. 9 TyprcaL FAILURE OF OXYACETYLENE-WELDED TUBES 
Arter Heat-TREATMENT 


Fic. 10 Sratic-Tension Faiture In Arc-WELDED TUBE. 
Harpness VALuES TAKEN AT !/s-IN. INTERVALS 


by adjusting inequalities of the crystalline matrix and producing 
uniform strength and ductility. The microstructure changes at 
the weld zone resulting from this heat-treatment are shown in 
Fig. 8. The position and type of fracture for the static-tension 
tests is shown for selected specimens in Fig. 9. 


CHARACTERISTICS OF ARC WELDS 


Metallic are welding with direct current and low-carbon-steel 
electrode has had limited application in airplane structures. 
For adequate fusion of the tube or plate the bead deposit is 
greater than for oxyacetylene welding. The concentrated heat 
evolved from the arc localizes the critical zone in close proximity 
to the weld beads. The annealed section, which is less extensive 
than that for the oxyacetylene welds, develops within '/, in. of 
the welds. The variation in hardness appears to be less marked 
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Fig. 11 Typicat Microsrrucrure tn 1-In. Arc WeLpDEpD WiTH Direct CurRRENT AND Low-CaRBON FILLER Rop (X 130) 


(a, weld matrix showing on the right large-grained sorbite with ferrite boundaries; 6, transition zone; c, partially annealed zone '/;-in. from weld; 
, original cold-drawn tube. 


Fig. 12 Sratic Farture In BeapinG or Arc-WELDED Tuss. Loap Facror = 14!/2 


than for the oxyacetylene-welded tube. Comparison of Rock- 
well hardness values for the electric arc weld is indicated at 1/s- 
in. intervals in Fig. 10. The failure under static-tension loading 
is evident from Fig. 10. 

The transformations in the weld and tube for a representative 
arc-welded specimen are shown in Fig. 11. The weld structure 
at the left Fig. 11a is a typical steel matrix as cast, tapering into 
a sorbitic zone of large grain bounded by soft ferrite. The reten- 
tion of high sorbitic content is probably due to the large tempera- 
ture gradient between the weld and its environs which produces 
faster chilling than is present in oxyacetylene welding. There is 
evidence in Fig. 11 that grain diminishes in size until the anneal- 
ing temperature is reached about '/, in. from the fusion zone. 
Then the original cold-rolled structure is resumed with lowering 
of the temperature below that required for recrystallization. 
Fracture in static tension for the butt-welded tubes occurs in 
this annealed zone adjacent to the weld for reasons given under 
the discussion for oxyacetylene welding. The zones of fusion 
and transformation are very similar for both the oxyacetylene 
and direct-current are welds. 

The frequency with which failures occur outside of the weld 
when tested with the weld bead intact for a joint properly de- 
signed and welded, is evidence that the strength is not dependent 
upon the welds so much as the amount of weakening due to the 
welding process. 


Factors AFFECTING RELIABILITY OF WELDED JOINTS 


Temperature Stresses. There are many conditions arising from 


mechanical shrinkage as the welds cool. A brief for the solution 
of the problems encountered could not be attempted in this 
short treatise. The principal difficulty with shrinkage in welds 
during solidification is the adjustment of the residual stresses 
during cooling or immediately after the weld is placed. Usually 
the intensity of stress due to shrinkage is localized in the sections 
which cool unevenly. For example, the hotter areas are weak 
and the stress is transferred from the cool, stronger areas. Where 
the correct sequence of deposition of the weld bead and tack 
welding is used, the shrinkage is absorbed sufficiently so that 
subsequent normalizing, stress-relief annealing or peening ad- 
justs the residual stresses in larger areas. In this way the stress 
intensity is distributed but never eliminated. Abrupt change of 
sections, such as heavy reinforcement in the weld bead, is unde- 
sirable not only because of the diminished fatigue resistance at 
the juncture of the bead and the tube, but also because of locali- 
zation of shrinkage in this larger mass which retains its tempera- 
ture during a longer period than the thin tube. Weld beads 
which are flush with the tube and rough or undercut are prone to 
weakness in fatigue and represent doubtful security in a structure. 

Significance of Welding Knowledge for Design. The general 
conclusions which may be drawn from the foregoing facts about 
fusion welding in aircraft leads to the proportioning of the struc- 
tural members so that stresses of a concentrated nature are not 
imposed at the critical section. By the critical section is meant 
that at which failure originates due to predisposition to structural 
weakness under repeated tension, compression, shear loading, or 
their combination. Clarifying examples may be cited. 
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The structural member or members in a fuselage are under 
tension, compression, and bending loads of varying intensity. 
The tube size, or plate thickness, is calculated for one or several 
predominant stresses. In a typical instance of a tube where a 
large ratio of length to diameter is used, the welds at the ends can 
safely develop the tube strength, unless the joints receive heat 
treatment; otherwise the crushing strength in the annealed 
section of the weld is reduced below that of the tube. This criti- 
cal section requires suitable reinforcement, such as a strap or 
gusset. With adequate weld reinforcement the tube should bend 
in the center. Since the stress is seldom equally distributed in 
the final welded unit the probable failure occurs near the center 
section which, if very critical, transfers intensity to the tube ends. 
The static test on a fuselage shown in Fig. 12 indicates a collapse 
of the tube under a load factor of 14/2 with the end welds re- 
maining intact. 

Further extension of the analysis for the welded construction 
explains why application of heat unnecessarily near critical sec- 
tions should be avoided. For instance, holes drilled for inject- 
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ing lionoil to prevent internal corrosion of structural tubes are 
located usually beyond the first critical section and the drill holes 
are filled with screw plugs to avoid softening by flame or arc heat 
which produces areas susceptible to collapse near the critical 
section. Welding of telescoped tubes or fishmouth is preferred 
to butt-welded tubes because of the added stiffness and stability 
afforded in the joint. Deposition of relatively smooth concave 
weld beads is done where vibration is a predominant considera- 
tion. These show the place of accurate knowledge of weld per- 
formance as briefly outlined in the preceding discussion. 
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The Viscosity of Water and 
Superheated Steam’ 


By G. A. HAWKINS,’ H. L. SOLBERG,?’ ano A. A. POTTER,‘ LAFAYETTE, IND. 


The authors present in this paper data on the viscosity of 
water and superheated steam at temperatures and pres- 
sures used in modern power-plant practice. The authors 
constructed an apparatus to measure the viscosity of 
water and superheated steam at pressures up to 3500 lb 
per sq in. abs and at temperatures up to the critical in the 
case of water and between 800 F and 1000 F for superheated 
steam. The apparatus is described and the results ob- 
tained with it are reported in this paper. 


HE increasing use of dimensional analysis in correlating data 

and solving problems in the fields of heat transfer and fluid 

friction has made viscosity a very important physical 
property of fluids. In making a survey of the literature pre- 
paratory to an investigation of flow distribution in foreed-cireu- 
lation once-through steam generators (1),° the authors found that 
data on the viscosity of water and superheated steam are very 
meager or non-existent at the temperatures ana pressures which 
are used in modern power-plant practice. The viscosity of water 
is known quite accurately at temperatures below 212 F and some 
determinations have been made at temperatures up to 320 F. 
von Hevesy (2) calculated the viscosity of water at elevated tem- 
peratures on the assumption that viscosity is a function of electri- 
cal conductivity, but this assumption has not been verified experi- 
mentally. M. DeHaas (3) used a capillary-tube viscometer for 
determining the coefficient of viscosity of water up to 153 C. 
The viscosity of superheated steam at atmospheric pressure is 
known with reasonable accuracy. Speyerer (4) has determined 


1 Progress Report A.S.M.E. Special Research Committee on Criti- 
cal-Pressure Steam Boilers. 

2Assistant, Engineering Experiment Station, Purdue University. 
Jun. A.S.M.E. Mr. Hawkins received part of his college training at 
the Colorado School of Mines and the degrees of B.S. and M.S. in 
mechanical engineering and also his Ph.D degree from Purdue 
University. 

3Associate-Professor of Mechanical Engineering, Purdue Univer- 
sity. Mem. A.S.M.E. Mr. Solberg holds the degrees of B.S. and 
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he is in charge of the instruction in power-plant engineering and 
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the effect of pressure on the viscosity of superheated steam at 
pressures up to a maximum of ten atmospheres. 

In view of the absence of experimental data beyond the above 
limits, the authors decided to construct a suitable apparatus to 
measure the viscosity of water and superheated steam at pres- 
sures up to 3500 lb per sq in. abs and at temperatures up to the 
critical in the case of water and between 800 F and 1000 F for 
superheated steam. ‘The results are reported in this paper. 

Since this investigation was started Schiller (5) has published 
viscosity determinations. Schiller obtained the relation for 
calculating the viscosity of steam in terms of that of water, by 
observing the velocity at which the discharge coefficient of a 
nozzle shows an abrupt increase for water and steam and then 
equating the two Reynolds numbers. Schiller’s curves show one 
test point at 30 atmospheres pressure, four test points at 25 at- 
mospheres and other points at lower pressures with a maximum 
temperature of about 540 F. 


SELECTION OF or VISCOMETER® 


In deciding upon the type of viscometer to be used in this in- 
vestigation, where pressures of 3500 lb per sq in. and tempera- 
tures of 1000 F were contemplated, the matter of safety was 
given first consideration because of the high energy storage per 
unit of volume of hot compressed water. The apparatus had 
to be suitable for a wide range of viscosities and reasonable in 
cost. Adaptability to the use of automatic recording devices was 
desirable in order to reduce the human element in the collection 
of the more essential data. The high pressures involved, the ef- 
fect of high temperatures on the elastic properties of suspensions, 
difficulties in measuring small pressure differences accurately, 
and of maintaining definite surfaces of separation between liquids 
and condensable vapors, resulted in discarding most of the types 
of viscometers which have been used for viscosity determina- 
tions. 

The Lawaczeck (6) viscometer was selected as being the most 
suitable type for the range of conditions encountered in these 
tests. This viscometer was developed in 1919 and consists 
essentially of a metal weight falling in a tube closed at its 
lower end and having a diameter which is slightly greater 
than that of the weight. As the weight falls, the liquid is made 
to flow with streamline motion through the annular space between 
the weight and the tube. There are three distinct resistances to 
the fall of the weight through the liquid. The form of the stream- 
lines causes a so-called “head resistance” which can be decreased 
to a minimum by using a long weight and a small clearance. As 
the liquid flows through the annular space, a pressure gradient is 
set up similar to the case of the flow of a fluid through an annular 
channel. This resistance is fixed by the area of the cross-section 
and the rate of fall of the weight. The third resistance is a vis- 
cous drag due to the relative movement of the two cylindrical 
walls. Neglecting the head resistance, the formula for this vis- 
cometer is 


6 The description of the development of the viscometer and the 
values for the viscosity of water are based on a thesis submitted by 
G. A. Hawkins in partial fulfillment of the requirements for the Ph.D. 
degree at Purdue University, June, 1935. The work on the viscosity 
of steam was completed subsequent to the submission of this thesis. 
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Fig. 1 Detar, or VISCOMETER AND PRESSURE CONNECTION 


53d 
3(d + 26)? — (28)? 


where u is the absolute viscosity; o is the density of the weight 
or fall-body; p is the density of the fluid; 6 is the annular space 
between the fall-body and the tube; d is the diameter of the fall- 
body; s is the fixed distance through which the weight falls in- 
side the tube; and ¢ is the time required for the weight to fall the 
fixed distance s. 

Because of the difficulty of measuring the dimensions accu- 
rately, the instrument is calibrated by using a fluid of known 
viscosity. Using a calibration constant C determined in this 
manner, Equation [1] is changed to the form 


Bridgman (7) in 1926 used a method similar to this for deter- 
mining the viscosity of liquids at very high pressures but at low 
temperatures. In 1933, Stakelbeck (8) used a Lawaczeck vis- 
cometer for measuring the viscosity of carbon dioxide, ammonia, 
and sulphur dioxide, at the suggestion of R. Planck. 


DESCRIPTION OF THE VISCOMETER 


The viscometer, shown in Fig. 1, consists of an accurately bored, 
stainless-steel vertical tube through which a weight, or fall-body, 
of slightly smaller diameter is moved under the influence of grav- 
ity. The tube is placed concentrically within a seamless steel 
pipe capable of holding safely the maximum pressures to be used. 
This outer pipe or pressure vessel, hereafter called the container, 
was closed at the lower end by welding and was fitted with 
flanges at the upper end to allow for insertion of the tube and fall- 
bodies, and for periodic inspection. The top was closed with a 
blank flange and was provided with a !/,-in. vent valve. Two 
trunnions were secured to the container to serve as a support 
about which the apparatus could be rotated through an angle of 
180 deg. One of the trunnions was provided with a packed 
pressure connection to which the pressure gage was attached. 
Distilled water was forced into the container by means of a hy- 
draulic pump. The temperature of the fluid could be regulated 
by means of an electric heating coil which was wound around the 
container and thoroughly insulated. Fig. 2 shows the assembly 


Fig. 2. ViscomeTer Test ARRANGEMENT 


of the container as mounted in its bearings. The three boxes 
for the electrical connections to the two timing coils are also 
shown. Three '/s-in. iron pipe taps were provided in the con- 
tainer, one at the center and one near each end, for the insertion 
of thermocouples. 

The tube, 23 in. long and 0.658 in. outside diameter, was made 
by the Winchester Repeating Arms Company from a piece of 
Carpenter Steel Company No. 8 alloy containing 18 per cent 
chromium, 8 per cent nickel and a small percentage of selenium 
to facilitate machining. The bar was drilled, reamed four times 
and polished to 0.410 in. internal diameter with a high-speed lap 
coated with emery and oil. Periodic inspection of the tube has 
shown that it successfully resists corrosion and oxidation when in 
contact with steam and water at high temperatures. One end 
of the tube was threaded with a standard pipe tap and fitted 


396 
i 
‘it 
: 
q 
= 
pat 
& 
q 
: 
= 
; 


FUELS AND STEAM POWER 


with a stainless-steel plug which centered it in a conical-shaped 
socket in the bottom of the container so as to insure coaxial align- 
ment of the tube with the container when the two were assembled. 

Details of the fall-bodies which were used in this investigation 
are shown in Fig. 3. They were drilled hollow to reduce their 
weight and the outside diameter is such that the Reynolds 
number of the fluid flowing into the annular space between the 
fall-body and the tube never exceeded 1300. The time required 
for a fall of 14 in. varied from 10 minutes to as low as 2 seconds, 
about 50 per cent of the tests involved a time of less than 1 
minute. Fall-body No. 28 was used for determining the viscosity 
of water and this was checked by fall-bodies Nos. 30 and 31 in 
order to establish the fact that the results are independent of the 
shape of the ends of the fall-body. Fall-body No. 35 was used 
for determining the viscosity of superheated steam, which was 
checked by fall-body No. 33. 

Pressures below 1500 Ib per sq in. were measured by means 
of calibrated Bourdon gages. A Bailey self-loading, deadweight 
gage was used for higher pressures. 

Temperatures were measured by iron-constantan thermo- 
couples welded into the bottom of a steel well which was threaded 
to fit a 1/s-in. pipe tap, as shown in Fig. 4. The thread on the 
thermocouple body was sufficiently long so that the hot junction 
was very close to the tube which contained the fall-body. Twenty 
thermocouples were made and calibrated in the physics labora- 
tory of Purdue University against a platinum, platinum-rhodium 
thermocouple which had been checked by the National Bureau 
of Standards. Two of the three thermocouples were removed 
in rotating pairs at regular intervals and replaced by others, the 
third one being left in place as a check on the new one. Thermo- 
couples were also checked periodically by boiling water in the 
viscometer with the vent valve open to the atmosphere. The 
thermocouples were connected to a very sensitive high-resistance 
Wilson-Maeulen millivoltmeter; the couple resistances were 
measured with a Wheatstone bridge. 


EqQuirMENT 


The principal difficulty which was encountered in developing 
the viscometer was in devising an accurate means of timing the 


us 
0.364 --0400" ing through the pressure con- 
ke 394° 4 nections shown in Fig. 2. Two 
te: was being picked up by the 
bridge, was eliminated by con- 
necting the output of the 
= bridge to two transformers, 
pene he as shown in Fig. 5. A con- 
NO.26 NO.30 NO.3! NO.35 NO.33 stant voltage had to be im- 


rate of fall of the body which was dropping through the tube. 
Among the schemes which were investigated and abandoned may 
he mentioned the use of an X-ray and Geiger-Miiller counter, an 
X-ray and sensitive screen, and an oscillator, receiver, and oscillo- 
graph. An a-c bridge amplifier and recording milliammeter were 
finally selected as the most satisfactory solution to the problem. 

The a-c bridge circuit is shown in Fig. 5. The two coils, indi- 
cated in the circuit diagram, were wound on the tube through 
which the fall-body dropped and were spaced about 14 in. apart. 
When the fall-body passed through either coil, the circuit was 
unbalanced sufficiently to swing a pen across a strip chart on the 
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recording milliammeter. Each coil consisted of a single layer of 
60 turns of copper wire wound on a sheet of mica rigidly held in 
place on the tube by two steel clamps which also served as ter- 
minals for the ends of the coils. Each turn was separated from 
the adjacent turn by a small asbestos thread. After winding, 
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Fig. 5 A-C Circuit 


the coils were examined for defects with a magnifying glass. 
They were as nearly identical as it is possible to make them. 
The coils were connected in series and the three leads were 

brought out in asbestos tub- 


pressed on the bridge in order 
to obtain satisfactory results. 
Fig. 6 illustrates the circuit of the amplifier. It consisted of 
two 57 amplifiers and one 45 triode power-amplifier tube. In 
order to eliminate the d-c part of the power output of the am- 
plifier, the leads of the output were connected to the primary of a 
small transformer. The secondary output, consisting of the a-c 
part of the amplifier output, was rectified by a small Rectox rec- 
tifier. The rectifier output was connected through a double- 
pole double-throw switch to an indicating milliammeter having a 
range of 0 to 100 ma and to an Esterline-Angus recording milli- 
ammeter having a range of 0 to 5 ma. 
The recording-meter chart of the Esterline-Angus milliammeter 
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was driven by a synchronous motor from the power lines of the 
Public Service Company of Indiana. System frequency control 
in the case of this public utility is obtained from Chicago and is 
excellent as shown by the records from recording frequency meters 
in the electrical-engineering meter laboratory of Purdue Univer- 
sity. The effect of any momentary variations in frequency was 
averaged out by taking from 5 to 40 readings at each test point. 
Chart speeds of */,, 11/2, 3, 6, and 12 in. per hr and per min were 
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obtainable from the recorder. Charts were driven at 12 in. per 
min except where the time of fall exceeded five minutes when 
lower chart speeds were used. With a chart speed of 12 in. per 
min, it was possible to scale the time to about one-tenth of a sec- 
ond. The chart speed was checked periodically by recording 
with a stopwatch the time between two interruptions of the 
bridge circuit and scaling the distance on the chart. 

Fig. 7 shows a typical chart. The two humps are due to the 
unbalance created in the bridge circuit as the fall-body passed 
through the coils. The time of fall was scaled from each chart 
at five different points such as aa’, bb’, etc. in Fig. 7. If any of 
the five time measurements differed from the average by more 
than 1 per cent, the test was discarded. 

Some difficulty was experienced at first in securing symmetri- 
cal curves from the two coils because of unequal heating of the 
viscometer. A variation in temperature of 2 F between the two 
coils altered their resistances sufficiently to unbalance the circuit 
and destroy the symmetry of the curves. Proper arrangement of 
heating coils on the container solved this problem. No tests were 
made unless the readings of all three thermocouples agreed within 
1 deg. 

A fall-body was suspended from a chemical balance in one of 
the coils while the input to the bridge circuit was varied in order 
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to check the possibility of these coils disturbing the rate of fall 
of the body. No deflection of the balance was obtained until the 
voltage impressed on the bridge circuit was 30 times that used in 
the test. 

The coils were mounted 14 in. apart on the tube and far enough 
from each end of the tube so that the fall-body had accelerated to 
a uniform velocity before it entered the tube section which was 
surrounded by the coil. 


CALIBRATION TESTS 


A comparison of Equations [1] and [2] shows that the term C 
in Equation [2] is a function of the dimensions of the fall-body, 
tube, and distance between timing coils. These dimensions 
cannot be measured with sufficient accuracy and are also subject 
to variation with temperature. The effect of compression of the 
steel due to pressure was neglected as the error so introduced was 
less than 0.02 per cent at 3500 lb per sq in. The effect of tem- 
perature may be treated as a linear function of the temperature 
without introducing an error of more than 0.5 per cent at 1000 F. 
The term C for each fall-body was determined by timing the fall 
when a fluid of known density and viscosity was placed in the 
viscometer and heated to various temperatures. The results 
were expressed by an equation of the form 


C=a-+bt 


where a and b are constants and ¢ is the temperature of the fluid 
in degrees fahrenheit. These calibration constants for the vari- 
ous fall-bodies are given in Table 1. 


TABLE 1 CALIBRATION OF FALL-BODIES — C¢ = 
a 


Fall-body, 
No. a b 
28 0.3628 
30 0.2525 0 000057 
31 0.3560 
35 13.4200 0.019500 
19.2700 0.016500 


33 
Nore: ¢ is in degrees F. 
* See Equation [2]. 


Since fall-bodies Nos. 28, 30, and 31 were used to measure the 
viscosity of water, their constants were determined by using 
water at temperatures up to 212 F within which range the vis- 
cosity and density of water are known quite accurately. These 
values for viscosity were obtained from the International Critical 
Tables.? These calibration constants subsequently gave data 
on the viscosity of water which were identical for the three fall- 
bodies and which were in excellent agreement with the published 

7 International Critical Tables. Published for the National Re- 


search Council, McGraw Hill Book Company, New York, 1929, 
vol. 5, p. 10. 
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up to 320 F, which is the 
upper limit of previous investi- 
gations. 

The constants for fall-bodies | _| 
Nos. 35 and 33 which were used | 
in the superheated-steam tests | ° Purdue University 
were determined by using dry |. eee 
air at atmospheric pressure and 
temperatures up to 580 F the 70 F— 
viscosity data for the above 
range having been obtained 
from the International Critical 
Tables. Superheated steam 
up to 500 F at atmospheric 
pressure was also used for cali- 
brating the constants. The 


results of other investigators 90 
| 


poise x10 


range of pressures and tem- - 
peratures investigated by the 
various fall-bodies overlapped > 

sufficiently to obtain a check + 

on the accuracy of the con- ° 

stants. 40 


Test PRocepURE 


In manipulating the appara- 
tus, the fluid in the viscometer 
was heated to the desired tem- 
perature by controlling the 
electrical input to the heater 
and was maintained at the 
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TABLE 2 VISCOSITY OF SATURATED WATER 
Pressure, Ib Viscosity, 
per sq in. abs deg centipoise 
105 331.4 0.170 
460 458.5 0.128 
850 525.0 0.101 
1000 544.6 0.097 
1250 572.3 0.092 
1505 594.0 0.088 
2000 635.6 0.082 
2500 668.0 0.078 
3000 695.2 0.075 
3226 706.1 0.074 
TABLE 3 EFFECTS OF PRESSURE ON THE VISCOSITY OF SUB- 


COOLED WATER 


Pressure, |b at 


per sq in. 200 C 250 C 300 C 350 C 374 C 
abs 392 F 482 F 572 F 662 F 705 F 

1000 0.139 0.110 

1500 0.138 0.110 0.095 er 

2000 0.141 0.11 0.096 

2500 0.140 0.110 0.096 0.077 Sire 
3000 0.139 0.109 0.095 0.076 os 
3226 0.141 0.109 0.095 0.077 0.074 
3500 0.140 0.110 0.095 


TABLE 4 TYPICAL DATA 


Pressure, |b Temp, Viscosity, 

Test no per sq in. abs deg centipoise 
515 2495 574 .096 
516 2500 572 0.096 
517 2495 572 0.095 
518 2500 572 0.096 
519 2500 572 0.096 
520 2505 574 0.096 
521 2500 572 0.096 
522 2500 572 0.096 
523 2500 572 0.095 
Average 2500 572 0.096 


TABLE 5 VISCOSITY OF SUPERHEATED STEAM 


Pressure, Pressure, 
ib per Viscosity, Ib per Viscosity, 
sq in. Temp, centi- in. Temp, centi- 
abs deg poise a deg poise 
14.4 585 0.0202 975 562 0.0400 
14.4 890 0.0265 981 799 0.0432 
14.4 997 0.0286 1000 983 0.0480 
109 622 0.0230 1001 684 0.0419 
111 487 0.0201 1006 598 0.0408 
112 932 0.0294 1034 776 0.0438 
113 424 0.0186 1063 894 0.0470 
118 550 0.0220 1189 628 0.0438 
129 1009 0.0320 1311 718 0.0479 
296 621 0.0274 1474 702 0.0498 
298 799 0.0303 1500 895 0.0545 
302 480 0.0249 1504 740 0.0515 
304 980 0.0351 1537 598 0.0504 
305 794 0.0310 1591 941 0.0571 
311 656 0.0286 1980 860 0.0614 
486 497 0.0299 2004 672 0.0586 
491 558 0.0307 2006 965 0.0641 
499 964 0.0386 2083 800 0.0614 
506 563 0.0315 2210 928 0.0654 
506 567 0.0314 2484 818 0.0661 
534 583 0.0320 2558 702 0.0656 
541 514 0.0317 Sees 
573 558 0.0320 2970 801 0.0710 
581 765 0.0355 2998 726 0.0704 
601 726 0.0352 3091 752 0.0725 
601 514 0.0322 3226 706 0.0740 
607 866 0.0384 3251 756 0.0749 
920 0.0400 3290 746 0.0749 
916 579 0.0391 3465 759 0.0775 
851 0.0445 3516 788 0.0780 


operated pump. Tle switch in the heater circuit was opened 
and after conditions had reached equilibrium and the readings 
of the three thermocouples checked within 1 deg, the viscometer 
was rotated on its trunnions into the vertical position where it 
was held by a stop. The driving motor of the recording milliam- 
meter was started and the time of fall was recorded automatically 
on the strip chart. The viscometer was then rotated through 
180 deg to permit the fall-body to return to the starting position 
after which the process was repeated. 


Tue Viscosiry or WATER 


Using fall-body No. 28, the viscosity of saturated water was 
measured from room temperature to the critical temperature of 
706 F. The results are tabulated in Table 2 and plotted in Fig. 
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8. The effect of pressure on the viscosity of compressed (sub- 
cooled) water was determined by increasing the pressure on the 
water and repeating the test procedure. The results are shown 
in Table 8. Each tabulated set of values in Tables 2 and 3 is the 
average of from 5 to 15 individual determinations. A typical 
set of test results for one pressure and temperature is shown in 
Table 4. The original data are too voluminous for presentation 
in this paper, but may be consulted in the office of the Engineer- 
ing Experiment Station of Purdue University. 

Check tests were made over the entire range of pressures and 
temperatures with fall-bodies Nos. 30 and 31. No difference in 
results was obtainable with the three fall-bodies. 

Keenan’s (9) values for the density of compressed water were 
used in calculating the results. 

The viscosity of saturated water between 200 F and the critical 
temperature may be represented by the empirical equation 


a = —2.185/(1 — 0.04012¢ — 0.0000051547¢*) 


where yu is centipoises, and ¢ is degrees I’. 

The results of this investigation show that at pressures up to 
3500 lb per sq in. abs, the effect of pressure on the viscosity of 
water is negligible, but that viscosity depends upon the tempers- 
ture. 

Tue Viscosity oF SUPERHEATED STEAM 


The viscosity of superheated steam was determined by filling 
the viscometer with distilled water, then boiling and discharging 
the excess liquid and vapor through the vent to the atmosphere 
until the desired pressure and temperature were attained. The 
instrument was then rotated into the vertical position and 
clamped, and the time of fall was recorded automatically. 

Fall-body No. 35 was used to determine the viscosity of super- 
heated steam for all of the test points while fall-body No. 33 was 
used to check a number of the previous tests. 

The results of these tests are tabulated in Table 5. Each 
point is the average of from 5 to 40 separate determinations. 

Figs. 9 and 10 show graphically the results of the investigation 
over the entire range of pressures and temperatures from atmos- 
pheric pressure to the upper limit of the Keenan steam tables. 
The authors believe that these results are sufficiently accurate so 
that they may be used with confidence in engineering calculations. 
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Stresses in Three-Dimensional Pipe Bends 


By WILLIAM HOVGAARD,' NEW YORK, N. Y. 


The paper presents first an algebraic method of calculat- 
ing the couples, forces, and stresses in a three-dimensional 
pipe line fixed at the ends, consisting of straight parts at 
right angles to each other connected by quarter bends. The 
solution is complete in that it takes account of bending, 
torsion, compression, and shearing. It comprises a 
special discussion of the rotations and deflections of quarter 
bends when subjected to forces and couples acting normal 
to their plane, with particular application to the three- 
dimensional pipe line. The author also gives an analysis 
of the stresses at the terminal sections and in the bends, 
together with a discussion of the strength criteria and the 
permissible working stresses. A numerical example is 
given to illustrate the application of the formulas. 


1—INTRODUCTION 


N a two-dimensional or plane pipe bend subjected to changes 
of temperature, the reactions at the anchorages are in the 
plane of the bend. The calculation of the couples and forces 

acting on any section of the pipe is relatively simple, and has 
been discussed by the author in four papers? *:*> published in 
the Journal of Mathematics and Physics of the Massachusetts 
Institute of Technology, and in two other papers.®’ 

When a pipe is so shaped as to lie in three planes, even if at 
right angles to each other, the problem is more complicated, 
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not only because three coordinates must be used instead of two, 
but also because torsional couples are produced and the curved 
parts deflect out of their plane. When the pipe is fixed at the 
ends, as here assumed, there are at each terminal three com- 
ponent reactions instead of two and three component couples 
instead of one. Torsional as well as bending stresses are pro- 
duced and have to be combined with direct and shearing stresses. 

When three-dimensional bends are not of simple geometrical 
form, it is necessary, asin the case of plane bends, to use graphical 
methods of solution, but when the pipe consists of straight 
parts and circular quadrants, and provided there are not too 
many bends and tangents, it is possible and, it is believed, pref- 
erable to use the algebraic method, which must always underlie 
all graphical solutions. It is the object of this paper to present a 
fairly rigorous solution for the simple case where the pipe has 
three straight parts and two quarter bends, all situated in three 
planes at right, angles to each other. The method has been 
successfully applied in practice not only to this case, but also to a 
pipe having four straight parts and three quarter bends. 

It is assumed that the curved parts of the pipe are bent to a 
radius of curvature not less than four or five times the diameter 
of the pipe, in which case it is unnecessary to take account of the 
fact that the neutral axis of a curved bar does not go exactly 
through the centroid of the section. 

On the other hand, we include the effect of the flattening of the 
circular section which takes place when a curved pipe is bent in 
its own plane and which may cause a very marked increase in the 
angular deflection of the bend.* This flattening practically does 
not occur when a curved pipe is bent out of its plane nor is it 
produced by torsion, so that when calculating the deflections of 
a pipe bend under such actions, we can regard the pipe as a 
curved solid bar with the same axis as the pipe and with the 
same transverse and polar moments of inertia. 


Tue PLANE BEND 


In developing the following formulas, the general method 
and notation adopted in the author’s paper on deformation of 
plane pipes’ are used, but it has been necessary or expedient in 
dealing with the curved parts of the pipe to extend the method 
considerably. 

Referring first to Fig. 1, let 


M = a couple acting as indicated by a suffix 


R = radius of curvature of the axis of a pipe 

t = 2h = wall thickness of the pipe 

r; = internal radius of the pipe 

r, = external radius of the pipe 

r = 1/.(r; + r,) = radius of the middle surface of the 
pipe wall 

A = sectional area of the transverse section of pipe wall 

I = moment of inertia of the area of the transverse sec- 
tion about the neutral axis 

I, = polar moment of inertia of the transverse section = 
21 

E = modulus of elasticity 

G = modulus of rigidity. Taking Poisson’s ratio as 
0.30, we have: G = E/2.6and GI, = EI/1.3 

S = any point on the axis of the pipe 

¥ = angle between the radius to S and some fixed 


radius of reference 
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«vy = angle of a small element of the pipe axis comprised 
between two consecutive transverse sections 
Ady = change in dy caused by flexural strain 
s = length or girth of axis from the point of reference to 
S 
ds = Rdy 
K =a coefficient applied to the angular deflection 
Ady /dy to allow for the flattening of the transverse 
section of a curved pipe 
K = (48h?R? + 10r‘)/(48h?R? + {1} 
Writing 


and substituting \ in Equation [1] 
K = (12a? +10)/(12A? + 1)................ [la] 


Since the flexibility of a pipe bend is directly proportional to 
K, this coefficient shall be called the “flexibility factor.” 


Q 
A 
ds -Rayr> 
y 
A 
* x 
a 
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For brevity, a direction parallel with the X-axis will be called 
the X-direction, and similarly, the rotation about an axis in the 
X-direction will be called an X-rotation; a couple with an axis 
in the X-direction will be called an X-couple; and a linear dis- 
placement in the X-direction will be called an X-displacement. 
Analogous terms are used in connection with the Y and Z axes, 
an X Y-rotation being the rotation in which OX turns toward OY, 
the same as Z-rotation. The other rotations are similarly refer- 
redto. Asseen from Fig. 6, a right-handed system of coordinates 
has been adopted in which the XY-, YZ-, and ZX-rotations are 
positive. 

Axes of couples are indicated in the diagrams by arrows drawn 
so that when looking along the shaft toward the head, the rota- 
tion is clockwise. Thus an arrow drawn in the positive X-direc- 
tion represents a positive couple and vice versa. 

Before dealing with three-dimensional pipe bends, it is desir- 
able first to analyze the case of plane circular quarter bends fixed 
at one end and subjected to terminal forces and couples acting 
normal to the plane of the bend at the other end. This problem 
occurs in three-dimensional bends, and in particular we wish to 
determine the rotations and the linear displacement normal to the 
plane of the bend at the free end. The analysis is here carried 
out in a simple and direct manner, disregarding the displacement 
of the free end in the plane of the bend, which is of the second 
order relative to that normal to the plane. 


2—QUARTER BENDS UNDER THE ACTION OF FORCES 
OR COUPLES NORMAL TO THEIR PLANE 


Case I—QvuarTeR BEND AT ONE END AND LOADED 

Wirn a Force Normat To Irs PLANE aT THE FREE END 
Referring to Fig. 2, the bend is represented by its axis, which 
forms a circular quadrant OA. The bend, which is spoken of as 
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being in a horizontal plane, is fixed at O and loaded by an upward 
force F at its free end A. 

Consider an element ds of the pipe at S. The radius CS forms 
an angle y with the X-axis. The force produces a bending 


y 
F 
te, 


|< 


IN 


2 
(Case I.) 


moment M, with axis along the radius at S, and a twisting 
moment M, with axis along the tangent at S. These moments 
can be expressed as 


M, = FR cosy 


M, = FR (1—sin y) | 


The moment M, produces rotation of the element in a vertica 
tangential plane so that 


Ade, = EI 


The moment M, produces a twist of the element 
M M.R 


Ady, = — ds = 1.3 


GI, EI 


By resolving these rotations along the X-direction, we obtain 
for the X-rotation of the element 


1.3 M, 


EI 
Hence the total rotation at A in the YZ-plane becomes 


M, 
Adg,, = E cos — sin 


= ml f sin | 
0 


Agza 
FR? 
= 0.506 Er [4] 
The Y-rotation of the element is 
M, 1.3M, 
Adg,, E siny + EI cos ‘| Rdy 


and the total rotation of the pipe at A in the XZ-plane becomes 


{? 
Agya 4 sin cosy dy + 1.3 cos 
FR 


2 
(1 — sin y) dy = —1.150 (5) 


It will be noticed that we have here used the couples M, and 
M, and not M, and M,, although we wish to find the X-rotation 
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and Y-rotation. The reason for this is that it is simpler first to 
find the pure-bending rotation and the pure twist because the 
corresponding moments of inertia of the pipe section are easily 
determined. After that we obtain the desired rotations by re- 
solving in the X-direction and the Y-direction. In other words, 
we resolve rotations instead of couples. 

The linear vertical deflection Az at A is determined as the 
algebraic sum of that due to M, and that due to M,. This de- 
flection can be expressed as 


where the positive sign indicates an upward displacement. 


Case II—Qvarrer BEND FIXED AT ONE END AND Sus- 
JECTED TO A TwisTtING Moment M, at THE FREE 
Enp—Fie. 3 


Fia. 3 
(Case II.) 


From Fig. 3 it is seen that 
M, = M, cosy 
M, = M, siny 


The X-rotation of the element is 


Adg,, E cos + 1.3 EI Rdy 


mel £2 
z cory +13 f a | 
EI 0 0 


and 


M.R 
= +1. 
+1.806 EI [8] 
The Y-rotation of the element is 
M, M, 
Ad =—|— — 
Pys E sin y — 1.3 EI cos ’] Rdy 


FSP-57-12 
and 
M.R 
Agya = — sin ¥ cos y dy — 1.3 sin ¥ cos y dy 
EI 0 0 
M.R 
= +0.150 — 
+ EI [9] 


It is seen that the major rotation is in the same direction as 
the acting couple. The Y-rotation is only about 8 per cent of the 
X-rotation. 

The vertical deflection of the free end is 


where the positive sign again indicates an upward displacement. 


Case III—Quarter Benp Frxep at ONE EnpD AND Sus- 
JECTED TO A CoupLe M, at THE FREE Enp, Havine Its 
Axis NoRMAL TO THE TANGENT aT A—Fic. 4 


4 
(Case III.) 
It is seen from Fig. 4 that 
M, M, sin 
{11) 
M, = M, cosy 


Rotation of the element in a Y-direction at S is 


M, M, 
Adg,, = E sin + 13 | Rady 


2 2 
FR 
cos? dy + 1.3 (1 — sin dy 
| 
= +1.248 —...... [6] 
= +0.506 ——......[10 
+ EI [10] 
Y 
| Me | 
Mo Mp | 
+ 
q 
] The retation of the element in an X-direction at S is 3 oy 
M M 
Ady,, = | —— cosy + 1.3 —siny | Rdy 
|| EI EI 
M R 2 
= sin cos dy — 1.3 sin cos dy 
EI 0 0 Wakes: 
M,R 
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and 
= Lf sin? y dy + 
El 0 0 


{13} 
These rotations are the same as found in case II, and we have 
again a major and minor rotation; but the X-axis and the Y-axis 
are interchanged. 
The vertical deflection is 


M, M, 
- — Reosy Ra is — 1 


sin y) 
Rdy 
Mu 2 2 
Ml f de f in 9) cone 
BT LJ. 0 
M,R? 
= 4 
EI 


Case [V—QuarTER BEND Fixep at ONE END AND SuBJECTED 
at Any Point S to a Equat to Toat 
Wovutp Be Propucep By a Force F ActinG 
NorMat TO THE BEND aT O—Fie. 5 


Fig. 5 
(Case IV.) 


The case is fictitious inasmuch as a force F applied at O would 
not actually produce a couple at S since 0 is fixed, but as will be 
explained later, it is here desired to determine the effect at A of a 
couple of just that magnitude at any point S. The result is the 
same as if F were acting downward at A in conjunction with 
a certain couple. 

It is clear that the rotation at the A-end must be of the same 
amount as in case I, but since the force in case I was applied at 


the A end, Ag,, becomes Av, , in case IV, and vice versa. Thus 
FR? 

= 1.150 {15} 
FR? 

A¢,, = +0. 16 


Equation (15] gives the twist or X-rotation at A, while Equa- 
tion [16] gives the Y-rotation at A. 

The linear deflection at A normal to the plane will not be the 
same as in case I. In case IV, M, = FRsiny, and M, = FR 
(1 cos y) 
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3 
= sin cos dy - ay - sin y) 


(1 cos - 


FR: 
0.408 —. 
EI 


.. [17] 

In cases I to IV, we have supposed the acting force and the 
axis of the acting couple to be in the positive X- or Y-direction 
and the axes of all the couples are so drawn as to make the rota- 
tion clockwise. The direction in which the arrows representing 
the couples M, and M, are to be drawn can thus be determined 
readily as can also the sign to be given to the rotations and the 
displacement at A. If the acting force or couple acts in the 
negative direction, all the rotations and all the displacements 
change sign, and we have only in the final results to substi- 
tute —F, —M,, -——M, for F, M,, M,, provided the coordinate 
axes are placed in the same position relative to the fixed and free 
ends of the quadrant. The orientation of the quadrant in space is 
indifferent, but if we change the name of the coordinate axes as 
in the second quarter bend of Fig. 6, we must realize clearly 
which end of the quadrant is assumed to be fixed and exactly 
how the acting force or couple is applied. This is indicated in 


Fig. 8 


3—ANALYSIS OF THE THREE-DIMENSIONAL PIPE 
BEND 


GENERAL 


Pipe bends are often attached to parts of the machinery which 
are anchored at points a certain distance from the terminals of 
the pipe, these parts of the machinery themselves being subject 
to heat expansion. 

In such cases, linear displacements of the terminals will take 
place which must be added algebraically to those caused by 
heat expansion of the pipe itself. 

Fig. 6 shows diagrammatically the general lay-out of such a 
pipe in the ideal case here considered, where all the bends are 
circular quadrants associated with straight tangents at right 
angles to each other. The ends O and A are regarded as fixed in 
direction and subject only to the displacements caused by the 
machinery parts to which they are attached. Thus, reaction 
forces and couples exist at those points, and it is the first object of 
the following analysis to determine these reactions. 

Referring to Fig. 6, O is taken as the origin in a right-handed 
rectangular system of coordinates. The forces and couples 
(P, Q, N) and (Mo,, Mo,, Mo,) at O, and (—P, —Q, —N) 
and (M,,, M4,, M4,) at A are the reactions. The forces are 
considered positive when acting in the positive direction of the 
coordinate axes and the couples are considered positive when turn- 
ing in the directions XY, YZ, and ZX. In Fig. 6, all the reac- 
tion couples are shown as being positive, but the forces at A, 
which are known to be equal and opposite to those at O, are shown 
as being negative. 

The radius of the bends is #, and the straight lengths of pipe 
are L,, L,, and L,, respectively. Also, L, + R = H, L, + 2R = 
L,andL, +R = T. 

The Y-direction shall be referred to as vertical, and the X- and 
Z-directions as horizontal. 

At any section S (z, y, z), the couples acting on the part of the 
pipe farthest from the origin, but expressed in terms of the reac- 
tions at the origin, are 
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M, = Mo, + Qz—Ny 
y Moy + Nx — Pz 
Mo, + Py — Qu 
The couples acting at S on the part of the pipe nearest the 
origin, expressed in terms of the reactions at A, are of the form 

M’, = Ma, + Q(T — 2) —- N(H — y) = Ma, + QT 
-NH — Qz + Ny........ [18a} 


ll 


[18] 


which should be equal to 7, in magnitude, but of opposite sign. 


| 


H= 145.2" 
Ly 108.9" 


Moy 

a 
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Now, for equilibrium of the whole pipe taking moments about 
0, we must have, 


M4, + QT NH + Mo. = 0 


and substituting in Equation [18a] we get 


M', = — Mo, — Qe + Ny 


which is equal to —-M, according to the first of Equations [18}. 
Also M‘, and M’,, expressed in terms of the reactions at A, are 
found to be equal to —-M, and M,, respectively, expressed in 
terms of the reactions at O. 

In calculating the rotations and displacements of the A-end 
of the pipe, it would seem natural, as in cases I, IT, and III, to 
find the deflections of the element at any point in terms of the 
reactions at A, that is, in terms of the couples (M’,, M’,, M’,), 
but since the expressions for those couples, as given by Equation 
[18a], are more cumbersome than those for (M,, M,, M,) in 
Equations [18], it is preferred in the following to substitute the 
latter, simply using —-M,, —M,, and —M, instead of M’,, M’,, 
and M’,. This consideration led to case IV. 

There are six fundamental equations between the reactions 
and the deflections at each end of the pipe, three for the rota- 
tions and three for the linear displacements. Since both ends are 
assumed to be fixed in direction, the rotations of A relative to 0 
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are equal to zero and, therefore, the sign of the bending moments 
in the equations is indifferent, so that we can use the expressions 
in Equations [18] as they stand without changing their sign. 

In forming the equations for the displacements, it must be 
borne in mind that the heat expansions at A do not actually take 
place; they are prevented by the reactions, which may be im- 
agined to produce the displacements Az,, Ay,4, Az, in negative 
directions. Hence, while M,, M,, M, must be entered with a 
negative sign, it is also necessary to enter Ary, Ay, Az, with a 
negative sign on the other side of the equations, and thus the 
minus signs cancel one another in this case. (Compare Equa- 
tions [22] and [23] of this paper with the second and third 
Equations of [13’] on page 209 of the author’s paper on the defor- 
mations of plane pipes.*) 

Since the pipe is assumed to be of uniform section and material, 
the product E/ is constant and can be omitted in the equations 
for the rotations, each of which is equal to zero. In the displace- 
ment equations, EJ has to be entered, and for the sake of sim- 
plicity, is placed as a factor of Ar,4, Ay,4, and Az, on the right- 
hand side of the equations. 

It has been shown in case II that a pure or constant couple 
M,, applied to a quarter bend, such as for instance the first bend, 
produces a major rotation (in that case a twist) of the free end 
in the X-direction, and a minor rotation in the Y-direction. 
Also, as shown in case III, M, produces a major rotation in 
the Y-direction and a minor twist in the X-direction both 
having the same sign. The minor rotations will be neglected 
in the equations of rotation, where their inclusion would com- 
plicate the problem so as to make the solution impracticable. 
They can however be included without difficulty in the equations 
of displacement, and when on this basis the reaction forces and 
couples have been determined, a more accurate recalculation can 
be made, if necessary, by substituting these values in the small 
rotation terms and including them in the rotation equations. 

We have seen in cases II and III that a constant couple acting 
on a quarter bend produces a displacement Az as well as rota- 
tions of the free end. In connection with the three-dimensional 
pipe we shall refer to that displacement as “‘local,’”’ although the 
whole pipe beyond the bend partakes in it, but this term is 
adopted in order to distinguish it from the displacements of A 
produced by the rotations of the ends of the bends which act 
with a leverage on the end of the pipe. 

Actually the couples, which act on the quarter bends, are not 
constant throughout the quadrant. Referring to Fig. 7, consider 
M, = Mo, + Qz — Ny in the first quarter bend. Here z = 0 
andy = L, + 
Rsin y, so that Y 
M, is composed 
of a constant 
couple Mo, 

NL, and a vary- 

ing couple —NR 

sin y. Also M, 

furnishes a con- 

stant couple 

Mo, and a vary- 

ing couple + NR 

— cos y). 

The effect of the 

two varying N | 

couples is the 

same as that of a ! 


» 


X= R(i-cos ¥) 
Y=ly+Rsin¥ 


IN 


force N acting 
in the Z-direc- 
tion at B, since 
this gives M, = 


Fie. 7 
(First bend, vertical projection.) 
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NRsin y, and M, = + NR (1 — cos y) and this is precisely 
the problem considered in case IV where F takes the place 
of N. We have then the rotations produced by the varying 
part of the couples M, and M, at the point D of the first bend, 
which are —1.150 NR? in the X-direction, and +0.506 NR? 
in the Y-direction. 

The displacement Az produced at D by the force N is, accord- 
ing to case IV, —0.408N R$, which is in the negative Z-direc- 
tion, and arises from the varying parts of both the M, and M, 
couples. Hence the varying parts, like the constant parts of 
these couples, produce a local displacement of the quarter bend at 
D and two rotations. 

The M, couple acts in the plane of the first bend and is dealt 
with as in a plane problem. Only rotations in the X Y-plane are 
produced, and the displacements at A can be calculated directly 
by integrating the effect of each element ds as in plane bends. 

All that has been said here about the first bend applies in prin- 
ciple to the second bend EF, Fig. 8, where M, takes the place of 


&. 
R+Lx FQ Reiny 
7 
Z=R(i- cosy) 
Z 
Fia. 8 


(Second bend, horizontal projection.) 


M,, and M, and M, act in planes normal to the bend. The vari- 
able couple is here due to Q acting in the positive direction at E, 
which is regarded as fixed. 

While the straight parts of the pipe can be dealt with by the 
same general method as used in plane bends, it is expedient to 
deal with each of the quarter bends separately. The local rota- 
tions at the endpoints D and F are determined from cases II, 
III, and IV and are simply added to the other terms in each of the 
equations of rotation. In the displacement equations we enter 
separately the local displacements normal to the plane of each 
bend and then the displacements caused at A by the rotations at 
the ends of the quarter bends. This somewhat complicated 
analysis will be explained in some detail. 

In. forming the three equations of rotation, the complete 
integral from O to A for the major component couple is first 
written, after which are added the integrals for the rotations about 
the same axis, produced in the quarter bends by the other com- 
ponent couples. While both M, and M, produce X-rotation in 
the first and second bends, respectively, and, therefore, appear 
in the first equation, M, does not produce Y-rotation and hence 
does not appear in the second equation. Similarly M, does not 
produce Z-rotation and is therefore absent from the third equa- 
tion. Thus the equations of rotation become 


[19] 

KM,ds + M,ds = 0.......... [20] 
A 

KMds+ | M,ds = 0.......... (21) 
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The integrations are with respect to ds, which in the straight 
parts of the pipe are equal to dz, dy, dz. In the bends ds = Rdy. 
The integrations follow the axis of the pipe. 

It will be observed that the flexibility factor K is entered only 
under the integrals where the couple acts in the plane of one 
of the bends. In all other parts of the system, K is equal to unity. 
In the first bend, for instance, K is taken into account only in 
connection with M,, in the second bend only in connection with 
M,,. 

In forming the displacement equations consider first the X- 
direction. It is clear that M, cannot produce any X-displace- 
ments in the straight parts and, as explained previously, in the 
bends except in the first bend where it produces a minor Y-rota- 
tion, which with a leverage 7’ causes A to move in the positive 
X-direction. The couples M, and M, must be considered for 
the whole pipe. The couple M, acting at any point S, causes the 
element at that point to rotate and, with a lever (H — Y), to 
produce a negative X-displacement at A. The couple M, ro- 
tates the element through an angle which, with a lever (7' — z), 
gives a positive X-displacement of A. 

The algebraic sum of these displacements will be equal to the 
heat expansion Az,. The equations for the displacements in the 
Y- and Z-directions are formed in the same manner. Since M, 
does not act in the plane of any of the bends, it does not carry the 
K-factor. The algebraic sums of the displacements are 


x K(T — z)M,ds 


Mas = BI Az,........ 


—L, M,ds = El Ay,........ [23] 
A 
K(L— x)M,ds — (L, + R) 
D 
M,ds = El Azy........ [24] 
X-ROTATION 


The rotation in the YZ-plane is caused chiefly by the first term 
in Equation [19], containing M,, which affects all parts of the 
pipe. The second and third terms of Equation [19], containing 
M, and M,, can produce no rotation in the X-direction in the 
straight parts of the pipe, and in the bends only where they act 
normal to the plane of the bends. 

Substituting Equations [18] in Equation [19], we obtain 


A /2 
ff [Mo, +NR (1—cos Rdy 


+f [Mo, + PH — Q(R + L, + Rsiny)] Rdy..... [19a] 


since z = 0 and z = R(1 —cos ¥) in the first bend, and y = H, 
andz = (R + L, + R sin y) in the second bend. 
For the straight part of the pipe OB, where z = 0, we obtain 
Ly 
(Mo, — Ny)dy 


For the first bend, Fig. 7, where y = L, + Rsin y, andz = R 
(1 — cos ¥), we obtain 
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[Mo, — NLy — NR ain Ray +f [Mo, 
0 


+ NR (1 — cos y)] Rdy 


From case II we know that the constant couple (Mo, — 
NL,) produces an X-rotation at A of +1.806 (Mo, — NL,)R, 
and from case III, that the couple Mo, produces an X-rotation 
of +0.150 Mo,R, but as previously stated, the latter will be 
neglected, at least preliminarily. 

There remain the terms 


2/2 
NR? sin dy NR? (1 — cos dy 
0 


which are such as would arise from a force N acting normal to 
the bend at B. This is easily recognized as case IV, where a force 
F acting at O in Fig. 5 produces an X-rotation at the point A of 
—1.150 FR?/EI. Hence we obtain here for the point D a term 
—1.150 NR?, 

For the straight length L, = DE, extending from z = R to z = 
R + L,, we still have z = 0, but y = H. Thus M, which in this 
instance is torsional, becomes (Mo, — NH) and we obtain a term 


R+Lz 
+1.30 (Mo, — NH)dz 
R . 


The second bend, Fig. 8, is in a horizontal plane and only the 
first and third integrals in Equation [19a] need to be considered. 
Herey = H,x =R+L, + Rainy, z = R (1 — cosy) and we get 
the terms 


(Mo, + QR (1 — cos ¥) — NH|Rdy + (Mo, 
0 0 


+ PH —Q(R + L,) — QR sin y] Rdy 


For the constant part of the M,-couple (Mp, — NH), we get 
according to case III a major term +1.806 (Mp, — NH)R, 
and for the constant part of the M,-couple according to case II a 
minor X-rotation, +0.150 [Mp, + PH — Q (R + L,)|R, which 
again is neglected in the preliminary calculations. 

The variable terms in Q give 


QR? (1 — cosy) dy — QR? sin y dy 
0 


which are recognized as expressing the effect of a force Q acting 
upward at E in the same way as F acts at O in case IV, in which 
Agy, = +0.506 FR?/EI. Since OY in case IV corresponds to 
OX in the present case, we get an X-rotation of +0.506 QR’. 

For the length L, = FA, extending fromz = Rtoz =R+L, 
= T, where again y = H, we obtain from the first term in Equa- 
tion [19a] 


f (Mo, + QZ — NH)dz 
R 
We can now write Equation [19a] as 
Ly 
f (Mo, — Ny)dy + 1.806 (Mo, — NL,)R — 1.150 NR? 
0 


R+Lz 
+ 1.30 (Mo, — NH)dx + 1.806 (Mp,—NH)R 
R 


+ 0.506 QR? +f (Mo, + Qz — NH)dz = 0...[19b] 
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Carrying out the integrations and arranging the terms, we ob- 
tain the final equation for the X-rotation 


[3.612R + 1.30L, + L, + L,] Mo, + 4 T7Q — [3 L, 
+ 1.806 (L, + H) R + 1.150R? + (1.30L, + L,)H]N = 0... [25] 


If it is desired to allow for the minor rotations caused by M, and 
M, in an eventual recalculation, the following terms 
0.150 Mop, R + 0.150 R [Mo, + PH — Q(R + L,)) 


should be added to the left-hand side of Equation [25]. Sub- 
stitute the numerical values of Mo,, Mo,, P, and Q as deter- 
mined by the calculations before these corrections were made; 
this means simply an addition of a numerical quantity. 


Y-RoraTion 
From Equations [18] and [20] we have 


A 2 
K (Mo, + Nx — Pz)ds + [ Mo, 
0 


— N(L, + Rainy)] =0.................... (20a) 
and applying this to the various parts of the pipe we find that 


Ly R+Lz 
1.3 ra Mo, dy + 1.806 Mo, R + 0.506 NR? + f (Mo, 
0 R 


+ Nz)dx + xe (Mo +N(R+L, + Rsiny) 
0 


— PR (1—cosy)] dy +f (Mo, + NL — Pz)dz = 0. . [206] 
R 


The flexibility factor is entered only for the second bend where 
M, acts in the plane of the bend. 
After integration and transformation Equation [20b] becomes 


[1.806 R + 1.571 KR + L, + 1.30L, + Lz] Mo, — 
(0.571 KR? + T? —} 
+ [0.506 R? + 2.571 KR? + RL, + 1.571 KRL, + 3 L,? 


In a recalculation, the numerical value of a term + 0.150R 
(Mo, — NL,) should be added to allow for the action of M, on 
the first bend (case IT). 


Z-ROTATION 
From Equations [18] and [21] we derive the equation 


A 2 
Z K (Mo, + Py — Oz) ds + - Mo, + QR 


(1 — cosy) — NH] Rdy = 0...... ([21a} 


from which we obtain 


Ly 2 
(Mo, + Py)dy + KR of [Mo, + P (L, + Rsin y)] dy 
0 


R+Lz 
nj (Mo, + PH — Qx)dx + 1.806 [Mpo, + PH — Q(R 


T 
+ L,)| R—1.150 QR? + 10 f (Mo, + PH — QL)dz = 0 
[21b} 


ot! 
\ 
| 
4 
< 
+ LL,JN = 0............... [26] 
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The factor A appears in the integral for the first bend, where 
M, acts in the plane of the bend. The term ——1.150 QR? is caused 
by Q in M, and M, in accordance with case IV, where the X- 
rotation corresponds to the Z-rotation in the present case. 

Carrying out the integrations and transposing, we obtain for 
the Y-rotation 


(1.806 R + 1.571 KR +L, 4+ L, + 1.30L,) Mo, + (KR? + 1.571 
KRL, + 1.806 RH + 3 L,? + HL, + 1.30 HL,)P -— (2.956 
R? + 2.806 RL, + } + 1.39 LL)Q = 0.... [27] 


In a recalculation, a term + 0.150R (Mo, -- NH) must be 
added to the left-hand side in order to allow for the action of M, 
on the second bend (case III). This is the only term caused by 
the second integral in Equation [21a]. 


X-DIsPLACEMENT 


Here again the various terms obtained successively from 
Equation [22] for all the different parts of the pipe are to be 
added algebraically in order to obtain the displacement of the 
A-end. From Equations [18] and [22] we obtain 


A A 
K(H y) (Mo, + Py — Qzu)ds K(T — 2) 


2 
(Mo, + Nx Pz) ds +T [Mo, — N(L, 
0 
+ Rsiny)] Rdy = El Axyg...... [22a] 


where the last integral represents the displacement due to a 
minor Y-rotation of the first bend caused by M,. 

The first and second integrals of Equation {22a} run through 
the whole length of the pipe, but, as explained previously, the 
bends are treated as independent parts. 

In the vertical stem OB, displacements in the X-direction are 
produced by M,. At every point, the rotation of an chm acts 

7] 
on A with a lever (H —- y), giving the term — (H — y) 


0 
(Mo, + Py)dy. At the same time, M, produces a torsion in 
OB which at B acts with a lever T relative to the point A, giving a 
displacement 1.30 Mo, L, T. 


The straight part DE does not produce any X-displacement, 


1 
but the part FA is bent by VM, and gives a term ff (T — 2)M, 
R 


dz. 

The first bend is subjected to M, and the second bend to M, 
acting in their respective planes, and give rise to two terms, ob- 
tained by multiplying the corresponding rotation terms in Equa- 
tions [21b] and [20b], respectively, with R (1 — sin y) and (T — z) 
under the integral signs. Both terms carry the coefficient K. 
See Figs. 7 and 8. 

In the first bend, the Y-rotation + 1.806 Mo, R given in Equa- 
tion [20b] acts with a lever T. The minor Y-rotation caused by 
M, in the third integral of Equation [22a] acts with the same 
lever. 

From the second and third integrals in Equation [22a] there 
results for the first bend a term which is +0.506 NR?T. This ex- 
presses the effect of the rotation called Ay,, in case IV, given in 
the third term of Equation [20b]. It acts on A with a leverage T. 

Thus Equation [22a] becomes 


Ly T 
(H —y) (Mo, + Py) dy + 1.309 Mo, (T 
0 


siny) (Wo, + P 


(My, + NL —- Pe)d2 — KR? f (1 
0 


(L, + R sin¥) — QR (1 dy + KR (L, 

Jd 
— cos y)] dy 
-NL,) RT 
{22b] 


+ Reosy) (Mo, + N(R + L, + Rsin y) 
+ 1.89 RT + 0.506 NR? T + 0.159 (Mo, 


Carrying out the integrations and rearranging the terms, 
we obtain for the X-displacement 


0.150 RTM,, + (1.30 L,T + 1.806 RT + 1.571 KL,R 
+ KR? + $ Lt) Mo, — (HL, + 0.571 KR? -- 4 L,2) Mo, 
— (3 + 0.571 KL,R? + 0.4380 + § + R! 
+ 0.571 KL,R? — 4 — TR)P + (0.506 
+ 2.571 KL,R? + 1.50 + KL,R* + 1.571 KL,L,R 
+ LL —0.150 RT) N = El Ary [28] 
Y-DisPLacEMENT 


From Equations (18] and [23] we can derive 


A 
K(L—-x) (Mo, + Py—Qx)ds K(T 
0 


+ Q:— Ny)ds — rf [Mo, + NR (1 
0 


z) (Mo, 


-cos Rdy 


(Mo, + PH—Q(R + L, + Rainy) |Rdy 
0 


= El Ay,. . {23a} 

The first and second integrals of Equation [23a] run through 
the whole length of the pipe. The third and fourth integrals 
provide for M, in the first bend and M, in the second bend, re- 
spectively, which couples act normal to the plane of the bends in 
both cases. 

The displacements caused by the deflections of the straight 
parts are obtained by applying the proper leverages to the respec- 
tive X- and Z-rotations as given in Equations [19b] and [21b]. 

The first bend is subject to Z-rotation in its own plane, acting 
with a leverage [L — R(1 —cosy) }, and causing a Y-displacement 
at A. 

The permanent couples (Mp, — NL,) in the first bend and 
(Mo, — NH) in the second bend, which come from the second 
integral in Equation [23a], cause major rotations in the bends at 
D and F, respectively, and, as explained in cases II and III, 
carry the factor 1.806. They act on A with a leverage T and L,, 
respectively, causing a negative Y-displacement. 

The permanent couples also produce local displacements in 
the second bend at F. The couple (My, — NH), which corre- 
sponds to M, in case III, causes a local Y-displacement of —1.150 
(Mo, — NH)R?, and the couple (My, + PH), which corre- 
sponds to M, in case II, causes a local displacement at F of 
+0.506 (Mo, + PH)R*. 

In the third integral of Equation [23a], M, causes a minor X- 
rotation of the first bend, giving a negative term —0.150RTMo, 
In the fourth integral, M, causes a minor X-rotation of the second 
bend, giving a negative term —0.150 RLz [Mo, + PH — 
Q(R + L,)). 
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The second and third integrals of Equation [23a] give together 
an X-rotation of the first bend due to the force N acting at B. 
According to case IV, this rotation is —1.150 NR, as given in 
Equation [19b], and acting at A with a lever 7’, it gives an upward 
Y-displacement equal to + 1.150 NR?T. 

Similarly the second and fourth integrals of Equation [23a] give 
together an X-rotation of the second bend at F due to Q acting at 
E. According to case IV, and as given in Equation [19b], 
this rotation is equal to +0.506QR?, which gives a downward 
displacement at A equal to —0.506QR?L,. These two integrals 
also, according to case IV, due to the action of Q, cause a local 
Y-displacement at F equal to —0.408 QR®. 

We thus arrive at the following equation for the Y-displace- 
ment 


*Ly Ly 
L (Mo, + Py)dy —T (Mo, Ny)dy — 1.30 L,T(Mo, 
0 0 


T 
NH) (T 
R 


+ PH Qxr)dx + xe f [L — R (1 — cosy)] [Mo, 
0 


R+Le 
2) (Mo. + Qe — NH) dz + fia (Mo, 
R 


+ P(L, + Rsiny) — QRUI 
NL,)RT — 1.806 (Mp, ~— NH)RL, — 1.150 (Mo, 
~ NH)R* + 0.506 (Mp, + PH)R? + 1.150 NR?T 
0.506 QR?L, — 0.408 — 0.150 RL, + PH 
Q(R + L,)| 0.150 RTM, = El 
After integration and transformation we obtain 
(TL, + 3.612 L,R + 2.956 R? + 1.30 TL, + 3 L,*)Mo, 
0.150 RTMy, + (LL, + 5 LL, + 1.571 KRL + 0.506 R? 
0.571 KR? — 0.150 RL,) Mo, + LL,? + 
+ HLR, + 1.571 KRLL, + KLR? ~ 0.150 HRL, — 
+ 0.571 KLR? + 0.408 R? + 3 + 0.506 + } RLZ 
0.355 KR)Q + [} TL,? + 1.806 TRL, + 1.150 R2 (T 


cos — 1.896 (Mo, 


(K 
+ 0.850 + 0.850 RL 


+ H) + 1.806 RHL, + 1.30 THL, + } HL,2\N = El Ay, 
[29] 


Z-DIsPLACEMENT 


From Equations [18] and [24] we ean derive 


A 
(H -— y) (Mo, + Qz-- Ny)ds f K(L — 1) (Mo, + Nex 


D 
Pz)ds (L, + R) [Mo, —- N(L, + Rsin y)] Ray 
B 


= EI Az,.. . [24a] 


The straight parts OB and DE give rise to the first three terms 
in Equation (24b], and do not require any explanation. 

The couple M,, acting in the plane of the second bend with a 
leverage equal to R (1 — sin y), carries the factor K. No other 
Z-displacements are caused by the second bend as can be seen 
from Fig. 8. 

The first bend is acted upon by a permanent couple (Mo, — 
NL,) and a varying couple —NRsiny. It is also acted 
upon by a permanent couple My, and a _ varying couple 
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NR (1 — cosy). The first permanent couple produces a local 
displacement at D, which according to case II is equal to +0.506 
(Mo, — NL,)R*. It also produces a Y-rotation acting with a 
leverage (L, + R) = (L — R) as given in the third integral of 
Equation [24a], giving a term —-0.150 (Mo, -— NL,) (L — R)R. 
The second permanent couple Mo, gives according to case ITI a 
local displacement at D equal to —1.150Mo,R*, and a Y-rota- 
tion with leverage (L, + R) = (L — R), giving a term —1.806 
RMo, (L — R). 

Finally the two varying couples, containing N, give, according 
to ease IV, a local displacement at D equal to —0.408NR!, 
and since they cause a Y-rotation equal to +0.506 NR?, they 
give moreover a negative displacement at A equal to —0.506 NR? 
(L — R). 

Thus Equation [24a] becomes 


Ly 
s (H —- y) (Mo, — Ny)dy — 1.3 Mo, L,L 
0 


R+ Lz 
(L-— x) (Mo, + Nx)dz — xe (1 —sin ¥) [Mo, 
R 0 


+ N(R + L, + Rain ¥) — PR(1 — cos dy + 0.506 (Mo, 

- NL,)R? — 0.150 (Mo, —NL,) (L R)R — 1.150 Mo,R? 

- 1.806 My,R(L —— R) — 0.408 NR* — 0.506 NR? (L — R) 
= EI (240) 


After integration and transformation Equation [246] becomes 


(HL, + 0.356 R? — 3 L,? — 0.159 L,R)Mo, — (1.30 LL, 
+ 2.956 R? + 2.806 RL, + } L,2 + 0.571 KR*)Mo, — (3 HL,? 
+ 0.914 + LL? + 1.596 + 0.785 
+ 0.571 KR?L, + 0.656 L,R? — 1/3 — 1/3 
— 0.150 LL, R)N = EI Az,.. . {30} 

SOLUTION OF THE EQUATIONS 
The fundamental equations can be written in the following 
forms 


A\Mo, + AQ + AWN = 0. [31] 

+ + BN = 0 [32 } 

+ OP + CQ =0.. . [33] 

D,\Mo, + DiMo, + DsMo, + DiP + = EI Ary [34] 
E,\Mo, + E:My, + E:Mo, + + EQ + EsN 

= EI . 

F\Mo, + F2Mo, + = EI . 


where the composition of the coefficients A to F with suffixes 
can be obtained from Equations [25] to [30], inclusive. For a 
given lay-out of the pipe line, all the quantities that enter into 
the coefficients are known and their numerical values can be 
computed. 

The solution for the unknown forces P, Q, and N, and for the 
unknown couples Mo,, Mo,, and Mo, is best obtained by first 
eliminating the couples. Determine the value of each of the 
couples from Equations [31], [32], and [33], and substitute the 
values of the couples in Equations [34], [35], and [36]. This will 
result in three equations of the form given in the following Equa- 
tions [37 |}. 


mP + = El Ar, 
+ BQ + 
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from which the unknown forces, P, Q, and N, can be determined. 

If these values of the forces so obtained are substituted in 
Equations [31], [32], and [33], the couples acting at O can be 
found. 

We are now able to determine the couples acting at any point 
(zx, y, or z) of the pipe by substituting the values of the component 
couples and forces acting at O in Equations [18]. Thus, the 
couples at the A-end can be found by putting z, y, and z in Equa- 
tions [18] equal to L, H, and T, respectively. When reversing 
their sign we have the reaction couples 


—(Mo, + QT — NH) 
Ma, = —(Mo, + NL— PT)>....--.---- [38] 
M4, = —(Mo, + PH — QL) 


It is necessary to examine separately the conditions in the 
bends in order to determine the maximum stresses in these parts. 
At any point of a bend, one of the three component couples 
M,, M,, M, acts in the plane of the bend, and stresses caused 
thereby require the use of the flexibility factor K for their deter- 
mination. The two other component couples are resolved into 
one couple M, with axis in the radius of the bend, causing bend- 
ing of the pipe. Another couple M,, with axis tangent to the 
pipe at the point, constitutes a twisting couple. By means of 
these couples the bending and torsional stresses can be deter- 
mined since the corresponding moments of inertia of the sec- 
tion, J and /,, are readily found. 

In the first bend where M, is acting in the plane of the bend, 
Fig. 6, the expression for the couple is 


M, = Mo, + P (L, + Rsiny) — QR(1 — cosy)... [39] 


Differentiating with respect to y, this couple is found to be a 
maximum when 


— [40] 


Since P and Q are positive, M, becomes a maximum somewhere 
within the bend. The maximum value of this couple can be 
found by substituting from Equation [40] into Equation [39], 
whence 


M, mx = Mo, + PL, + RIV (P? + Q) — Q]... [39a] 


The maximum M,, however, depending on the sign of Mo,, 
may be smaller numerically than the couples Mg, and Mp, act- 
ing at the points B and D, respectively. The value of Mg, at B 
where = O is 


Mz, = Mo, + PL, 
while at D, where y = x/2 


Mp 


It is necessary in all cases to ascertain the value of M,mas. 
The bending couple normal to the plane of the bend is 


M, = M, cosy — M, siny = [Mo, — N(L, + Rsiny)] cos y 
— [Mo, + NR (1 — cos y)] siny 


Therefore 
M, = (Mo, — NL,) cos y — (Mo, + NR) siny .. . [41] 
The maximum value of M, occurs when 


Mo, + NR 


The twisting couple is 


M, om M, sin yv + M, cosy = (Mo, — NL,) sin Vmax + (Mo, 


+ NR) cos — NR........ [42] 
the maximum value of which occurs when 
+ NR tan 


showing that M, has its maximum in a plane at right angles to 
M,. Hence, one of these maxima falls outside the quadrant. 

The forces P, Q, and N, acting at any section, are best resolved 
in directions normal and tangential to the transverse section. 
They produce direct compression and shear, where 


Fy = Psiny + Qcosy 
F, = cos — Qsin y)? +N? 


Again it is necessary to determine the maximum values, which 
for Fy occurs at the same section as that of M,, while F, has its 
greatest value at B and D. 

Similar equations can be established for the second bend, where 
M, acts in the plane of the bend, and M, and M, act at right 
angles to it. 


4—THE STRESSES 
STRESSES AT THE TERMINAL SeEcTIONS O AND A 


The greatest stresses are found in the terminal sections and in 
the bends. The longitudinal bending stress py» at the O-end 
of the pipe is generally the most important. This stress is caused 
by the resultant couple of Mo, and Mo,, here denoted by Mo, 
where 


Mo = V (Mo? + [45] 


Since there is no flattening effect, the flexibility factor K is equal 
to unity, and the corresponding maximum stress is 


[46] 


where r, is the radius to the outer surface of the pipe. 

The steam pressure P produces a longitudinal stress, which is 
assumed to be uniformly distributed over the section of the pipe 
wall. This stress is approximately 


[47] 


where r,; is the internal radius of the pipe. This equation is 
given on page 336 of the author’s paper ‘‘Tests on High-Pressure 
Pipe Bends.’’> 

Finally, there is a uniform longitudinal stress due to the com- 
pressive reaction Q which can be expressed as 


[48] 
but which is generally small and can be neglected in many cases. 
Thus, the total longitudinal stress becomes 


which has its maximum value at the outer surface in the plane of 
Mo. 

The steam pressure also produces a transverse or “hoop” stress 
which is assumed to be uniformly distributed over the section of 
the pipe wall. This stress can be expressed as 


Where the pipe is straight, as it is at O, no other transverse 


\ 
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stresses exist, so that, denoting the total transverse stress by pe, 
we have pos = p2in this case. 

The torsional couple Mo, produces a shearing stress which has 
its maximum value in the outer surface. It acts in the plane of 
the section and is directed everywhere normal to the radius. This 
stress 


[51] 


A shearing stress q, is also produced by the resultant of the 
forces P and N where 


This stress acts in the same plane as q, and is added directly 
to it at the point where the two stresses act in the same direction. 
It is generally small and can be neglected in many cases. The 
sum of the shearing stresses produced by the torsional couple Mo, 
and the resultant of the forces P and N is 


The stresses at the A-end of the pipe are determined in the same 
manner. 

In addition to the stresses here enumerated, bending and 
shearing stresses are produced by the deadweight of the piping 
between hangers and supports. These stresses are to be in- 
cluded in the »,-stresses and the q-stresses of Equations [49], 
[51], and [52]. Their values depend on the arrangement of the 
points of support and are determined by usual methods. With 
proper design these stresses are generally small and in order not 
to lengthen the paper they are omitted in the present analysis. 


STRESSES IN THE BENDS 


The curved parts of the pipe require special treatment. The 
component couple acting in the plane of a bend produces a flatten- 
ing of the section, causing a peculiar distribution of the longitudi- 
nal stresses and the introduction of relatively high transverse 
stresses. The component couples normal to the plane of a bend 
produce twisting as well as bending, as previously described in 
cases I to IV. 

In the first bend, that is, the bend nearest the origin, the couple 
M, acts in the plane of the bend and has its maximum value as 
given by Equation [39a] in the section determined by Equation 
[40]. The stress in the middle surface of the section so deter- 
mined is generally a maximum, not at the top and bottom of the 
section, but at points the radius of which forms an angle @ with the 
neutral axis of the section as shown in Fig. 1. As explained on 
page 328 of the author’s paper “Tests on High-Pressure Pipe 
Bends,’’> the maximum value is found by applying a factor 8 
to the ordinary expression for the longitudinal stress, thus 


Pibmax = BC M r/I) [53] 
where 
8 = 2/3 K [(6\? + 5)/18] whend < (54] 
6 = (12\2?— 2)/(12\2 +1) whend$ 1.472) 
The value of \ is given in Equation [2], while the value of K is 
given in Equation [la]. 
Usually \< 1.472 and the maximum stress occurs at an angle 
6 from the neutral axis, such that 
sin = ~/[(6d? + 5)/18].............. [55] 
and hence 
[54a] 


When dA = 1.472, the maximum value of p,» occurs at the top 
and bottom of the section. 
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The value of 8 varies little from unity except in thin-walled 
bends of sharp curvature, but @ may be far from a right angle. 

The longitudinal bending stresses due to M,, given by Equa- 
tion [41], which act in a plane normal to that of the bend, have 
their maxima at the points which are in the neutral axis relative to 
M,, and since Pismax due to Mzmax rarely falls at points less 
than 45 deg from the neutral axis, these maxima can be con- 
sidered separately. 

The steam pressure produces a longitudinal stress as given by 
Equation [47], while the reactions P and Q cause a normal stress 
on the transverse section 


Pe = (Psiny + Qeosy)/A........... [48a] 


The transverse stress due to the steam pressure is pz. as given 
by Equation [50], but in addition there is a transverse bending 
stress px» due to the flattening of the section with a maximum at 
6 = Odeg, and @ = 90 deg, as explained on page 340 of the author’s 
paper “Tests on High-Pressure Pipe Bends.’ This latter stress 


is 
18 


Pa 0? + 1) 


In the outer surface this is a tensile stress, while at the inner 
surface at the neutral axis for M, it is a compressive stress, and is 
reversed in sign at the top and bottom of the section. Compared 
with the longitudinal stresses in the bend as given by Equation 
[53], the transverse stresses are very high, and bear a definite ratio 
to them. If uw be that ratio, then 


(57) 
For ordinary values of \, between 0.5 and 1.2, this ratio varies 
from 1.80 to 1.36, so that the transverse bending stress is on the 
average 60 per cent greater than the longitudinal bending stress. 
There is also a smaller compressive stress in the neutral axis 
due to the flattening of the section which reduces the tensile 
stress at the outer surface. It is expressed by 


(6X? +1) 


[58] 


This equation is the same as Equation [25] on page 83 of the 
author’s paper “‘The Elastic Deformation of Pipe Bends.’’? 
Combining these stresses, the total transverse stress, which 
will generally be a maximum at the outer surface in the neutral 
axis, is 
D2 = Pw + Dre + [59] 


The twisting moment M,, given by Equation [42], causes a 
stress, which at the outer surface is given by Equation [51]. 
The shearing force F, causes a small shearing stress which gener- 
ally can be neglected. 

The stresses in the second bend are analyzed in the same 
manner. 


STRENGTH CRITERIA AND WORKING STRESSES 


Strength criteria and working stresses are among the most 
important and the most difficult of the pipe-line problems. The 
difficulty is enhanced by the recent increase in steam pres- 
sures and temperatures and by the use of new alloys of steel, with 
which experience is still very limited. The higher steam pres- 
sures produce hoop stresses which can no longer be neglected. 
At high temperatures the modulus of elasticity and the stress 
at the yield point are reduced considerably and this, as well as 
the peculiar nature of each particular alloy, must be taken into 
account in determining the working stress. 


> 
q 
2 
RI (1242 + 1) 
4 
* 
q 


412 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


All the stresses so far discussed act in a plane tangential to the 
cylindrical surface through the point under consideration, and, 
in combining the stresses, we consider a small element in that 
plane. If there is no load on the element normal to its plane, 
we have the first order of a simple case of plane stresses. Refer- 
ring to Fig. 9, p: acts in the X-direction, p, in the Y-direction, 
and the shearing stress g acts on the sides of the element. 


Fie. 9 


If we take into account the radial stress p;, produced by the 
steam pressure P, we have three-dimensional stress. Actually p; 
is small, being equal to P at the inner surface and decreasing to 
zero at the outer surface of the pipe wall, but since it has been 
taken into account by some investigators, it will be included in the 
following discussion. 

For a state of combined stress several strength criteria have 
been proposed, but we shall only consider the maximum-shear 
theory and the strain-energy theory,® of which the latter appears 
to be the most rational. Either theory leads to a certain func- 
tion of the component stresses, so determined that when it is 
equal in magnitude to the yield point of the material, plastic 
flow is supposed to occur. This function is referred to as the 
equivalent stress, which will be noted by p,,._ It may or may not 
represent an actually existing stress, but it is clear that under 
working conditions the equivalent stress should be smaller than 
the stress at the yield point of the material. 

The Maximum-Shear Theory. According to this theory plastic 
flow of the material begins to take place when the maximum 
shearing stress reaches a certain magnitude, regardless of the state 
of stress. Hence, this stress, must have the same magnitude in 
the most general case as in the simple case when a straight bar, 
subject to uniaxial stress, reaches the yield point. 

In a state of plane stress, that is, when p; = 0, or when p; is 
very small, the maximum shearing stress, expressed in terms of 
the ordinary component stresses, is in the general case 


Qmax = 3 V/ [4q? + (p: — . [60] 


In a straight bar subject to a simple tension, gq = 0, p. = 0, and 
therefore gmax = p:/2. 
When p; reaches the yield point po, 


Equating the expressions for gmax as given in Equations [60] 
and [60a], we obtain 


8 ‘‘Zur Theorie plastiche Deformation und der hierdurch im Mate- 
rial hervorgerufenen Nach spannungen,’”’ by H. Hencky, Zeitschrift 
Sur angewandte Mathematik und Mechanik, vol. 4, no. 4, 1924, pp. 
323-334. 


= + (pi — (61) 
The expression on the right-hand side of Equation [61] is the 
equivalent stress, and is expressed as 


Peg = V[4q? + (pi (62) 


which, if adopted as the working stress, should then be smaller 
than po. 

If we take ps into account, we have three-dimensional stress 
and it is known that in such a case the maximum shearing stress 
is equal to one-half the difference between the greatest and the 
smallest of the three principal stress, denoted here by o, o2, and 


qmax = o3)/2. [63] 


Since there are no shearing stresses parallel with the plane of the 
element, p; is a principal stress, and therefore ps = 03. The two 
other principal stresses are found from the formula 


=} (p+ + [4q? + (pr — [64] 

The value of guax from Equation [63] is now equated to its 
value expressed by Equation [60a] in order to obtain for the 
equivalent stress 


Peo = %1 — 93 = (pi + + V[4q? + (pi - — Ds 


This value of the equivalent stress must be smaller than po. 
At the outer surface of the pipe o; = ps = 0, and p,, = 01 which 
may be greater than p,, as given by Equation [62] for plane stress. 

The Strain-Energy Theory. According to this theory, plastic 
flow occurs when the energy of pure deformation reaches a cer- 
tain limit, excluding the energy due to change of volume, regard- 
less of the state of stress. Where plane stress occurs, assuming 
ps = 0, the energy of deformation per unit volume can be ex- 
pressed as 


w = (1/12G) pr)? + pi? + + (1/2G)q? 


where pi, po, and q are the total longitudinal, transverse, and 
shearing stresses, respectively, and G is the modulus of rigidity. 
Since w must be equal to the energy at the plastic limit under all 
conditions, it must also be equal to the energy in a bar under 
simple tension when the yield point is reached. Under these 
conditions = 0,q = 0,and = po. Therefore 


w = po?/6C 


quating these expressions for w, the yield point is found to be 
reached when 


po = V (pi? + — + 39?) 
Thus the equivalent stress in this case is 
Peq= V + po? — pipr + 3q?) . 


which, in order to avoid plastic flow, must be smaller than po. 
If we can disregard q as being insignificant, p, and p2. become 
principal stresses and Equation [66] takes the form 


Peg = + pa? — Pipr)... .. [66a } 


If the transverse stress p: can also be disregarded, we have the 
case of a simple longitudinal stress, where p,, = pi, and there- 
fore pi < po. 

In three-dimensional stress, plastic flow will occur according 
to the strain-energy theory when 


(o, — o2)? + — os)? + (03 — a1)? = 2po* 
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Hence 
Pa = V (a1? + 02? + a103)... . [67] 


which should be made smaller than »». Here o; = ps, while o 
and o; can be found from Equation [64]. 
If o; is neglected 


which is identical with Equation {66a}, as it should be, since in 
that equation p; = o1, and = a2. 

The Working Stress. The yield point of the material will be 
used in this paper as the standard of reference, and it is suggested 
that under working conditions the equivalent stress determined 
by the strain-energy method as given by Equations [66] or [67] 
should be not greater than about one-half of the stress at the yield 
point, that is 


In the author’s paper ‘‘Tests on High-Pressure Pipe Bends,”’ 
page 344, it was recommended, on the basis of a number of full- 
scale tests with pipe bends, to use the longitudinal stress at the 
middle surface of the pipe wall as strength criterion in the curved 
parts. It was suggested also that this stress, p,; in Equation [49] 
should not be allowed to exceed 16,000 lb per sq in. This means 
that py», the stress due to bending alone, should not be greater 
than 16,000 — (pis — pic), but as previously shown, the transverse 
bending stresses due to flattening of the bends is much higher 
than p,b and might thus become excessive. It was argued, how- 
ever, that these high stresses were strictly a local phenomenon; 
they occurred only within very limited regions of the inner and 
outer surfaces of the pipe wall, and did not seem to affect the 
general behavior of the pipe. Although that rule led to results 
which were in accordance with good engineering practice, it ap- 
pears advisable under more modern conditionsof pressure and tem- 
perature in all cases to use the equivalent stress as the strength 
criterion, as recommended previously. If this is done, the 
transverse stresses will be taken into account, not only in the 
straight parts of the pipe, but also in the bends. Possibly a 
somewhat higher working stress may be allowed in the bends than 
in the straight parts. 

These rules are believed to be conservative, but in view of 
recent rapid developments they must be regarded as suggestions. 
Before an accurate and fully reliable basis of design can be es- 
tablished, covering all modern conditions, there is required further 
practical experience over extended periods, and correlated with a 
theoretical analysis of the stresses. In any case it seems justifi- 
able, in determining the working stress, to take advantage of the 
higher yield point in alloy steels, while at the same time due ac- 
count must be taken of the reduction in the stress at the vield point 
and in the modulus of elasticity at higher temperatures. 


5—NUMERICAL EXAMPLE 


The numerical analysis for a three-dimensional three-arm pipe, 
in which the arms are at right angles to each other and con- 
nected by right-angle bends, as shown in Fig. 6, is here given to 
illustrate the application of the formulas presented in this paper. 
Both ends of the pipe are fixed in position and direction, and when 
steam is admitted, expansion takes place, not only of the pipe 
itself but also of certain parts of the machinery to which the ends 
of the pipe are attached. 

The pipe is made of alloy steel, has a modulus of elasticity of 
24 X 10 lb per sq in. at 850 F, and a yield point of approximately 
39,000 lb per sq in. at 800 F. The temperature rise in the pipe is 
assumed to be 850 F, at which the expansion of the pipe per inch of 
length 6 = 0.006083 in. Otherdataare: Working pressure P = 
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400 lb per sq in.; outer radius of pipe r, = 3.644 in.; inner radius 
of pipe r; = 3.403 in.; radius of middle surface r = 3.523 in.; 
thickness of pipe wall 2h = ¢ = 0.241 in.; sectional area of pipe 
wall A = 5.33 sq in.; moment of inertia of A about a diameter 
/ = 33.14 in.‘; and the radius of pipe bend R = 36.3in. From 
these data it is found that 


A = ¢tR/r? = 0.705 


and that 


K = (12d? + 10)/(12 2 + 1) = 2.29 


From the dimensions given in Fig. 6, it is observed that H = 
145.2 in.; Ly, = 108.9in.; L, = 35.7in.; L = 108.3in.; L, = 
41.0in.; and = 77.3 in. 

The dimensions for expansion are: H, = 156.1 in.; L, = 
96.8 in.; and T, = 82.2in. Further, EJ Ar, = 468.4; El Ay, 
= 755.3; and EI Az, = 397.8. 

The coefficients A to F in Equations [31] to [36] are computed 
from the expressions in Equations [25] to [30]. 


A sample calculation of the A-coefficients in Equation [25} 
gives 
3.612 R = 131.2 3L,? = 5930 
1.30 L, = 46.4 1.806 (L, + H)R = 16,670 
L, = 108.9 1.150 R? = 1515 
L, = 41.0 1.30 L,H = 6740 
L,H = 5955 


A, = 327.5 As = 2988 


A, = —36,810 


The other coefficients are found in the same manner from Equa- 
tions [26] to [30], inclusive, finally furnishing equations, for this 
illustration, in which the numerical values of the coefficients re- 
place the algebraic coefficients. The fundamental Equations 
[31] to [86], inclusive, for this numerical example can now be 
written with numerical coefficients, which are 


327.5 Mo, + 2988 Q — 36,810 N =0........ [31] 
427.5 Mo, —- 4223 P + 20,700 N = 0.. . . [32] 
407.1 Mo, + 47,330 P — 13,940Q =0...... [33] 

421.0 My, + 26,060 Mo, —- 11,780 Mo, — 808,000 P 
+ 956,300 N = 468.4 x 108......... 34) 


22,110 M, 421.6 Mo, + 27,820 Mo, + 2,798,000 P 
— 336,500 Q + 2,382,000 N = 755.2 « 108...... 35) 


10,150 My, — 25,390 Mo, 791,000 N = 397.8 x 10%... 


From Equations [31], [32], and [33], the couples can be ex- 
pressed in terms of the forces, and substituting these values in 
Kquations [34], [35], and [36], we obtain Equations [37] with 
numerical coefficients, which are 


817.7 P -—- 407.3 Q — 257.7 N = 468.4 x 10°) 
—-439.1 P + 817.8Q— 83.1 N = 755.3 10*>.... [37] 
2507 P -— 92.6Q + 157.9N = 397.8 x 103 


from which the reaction forces P = 1729 lb, Q = 1916 lb, and N 
= 640 lb, are obtained. 

Substituting these values of P, Q, and N in Equations [31], 
{32], and [33] and solving for the couples, we obtain My, = 
+54,410 in-lb, Mo, = —13,800 in-lb, and Mo, = — 135,400 in-lb. 

The reaction couples at A as determined from Equation [38] 
are 


ll 


M,, = — (Mo, + QT — NH) = —109,590 in-Ib 


5 
: 
Pre 
fe. 
2 
vid 
ge 
<7 


414 


Ma, = — (Mo, + NL — PT) = + 78,280 in-lb 
Ma, = — (Mo, + PH — QL) = + 91,900 in-lb 


A corrective calculation was carried out by substituting the 
values of the forces and couples at O just determined in the ex- 
pressions for the minor terms omitted in the rotation equations 
and adding the numerical quantities so found as constants on 
the left-hand side of these equations. Equations [34], [35], and 
[86] for the displacements were left unaltered, the minor terms 
having been included already. The solution of the six equations 
could now be obtained and were found to give values for the reac- 
tion forces and couples which differed from those previously ob- 
tained by less than 1 per cent, except that Mo, was —134,670 
in-lb, instead of —135,400 in-lb, i.e., about 2 per cent smaller. 

Another calculation was made by which the minor terms were 
omitted in all six fundamental Equations [31] to [36], inclusive, 
and again the results were practically the same. However, it is 
recommended to follow the method applied above, by which the 
minor terms are omitted in the rotation equations but included in 
the displacement equations. 


DETERMINATION OF STRESSES AT THE O-END 
From Equation [45] 
Mo = V (Mo.? + Mo?) = V/(54,410? + 135,4002) 
= 145, 900 in-lb 


The longitudinal stress at the outer surface due to bending is 
obtained from Equation [46] 


pir = (Mor,/I) = (145,900 X 3.644) /33.14 
= + 16,040 lb per sq in. 


The longitudinal stress due to the steam pressure, from Equa- 
tion [47], is 
pis = Pr;,/2t = (400 X 3.403)/(2 X 0.241) = +2825 lb per sq in. 
From Equation [48] is obtained the longitudinal stress due to 
end reaction, which is 


Pic = Q/A = —1916/5.33 = —359 lb per sq in. 


Hence, the total maximum longitudinal stress at the outer 
surface, found by applying Equation [49], is 


Pi = Dib + Pie + Pre = 16,000 + 2825 — 359 
= 18,500 lb per sq in. 
The hoop stress due to steam pressure, from Equation [51], is 
Po = p2 = Pr;/t = 400 X 3.403/0.241 = 5650 lb per sq in. 


The shearing stress due to twisting moment, from Equation 
[51] is 
Mo,'. _ 18,880 3.644 
2X 3314 


% = 763 lb per sq in. 


According to Equation [52], the shearing stress due to the 
reaction forces P and N are 
/(P? + N?) (1729? + 640?) 
% A 5.33 
Hence, 


= 346 lb per sq in. 


q=% + Y = 763 + 346 = 1109 lb per sq in. 


The equivalent stress, according to the strain-energy theory 
is then found by applying Equation [66], where 
Peg = V (ri? + — + = (18,500? + 5650? 
— (18,500 x 5650) + (3 X 1109)?] = 16,530 Ib per sq in. 
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According to the maximum-shear theory, Equation [62], 
the equivalent stress is p,, = 13,040 lb per sq in. 


SrressEs AT THE A-END 
The resultant couple of My, and My, here denoted by M 4, is 
Mg = VMa,? + Ma,? = (109,590? + 782802) 
= 134,700 in-lb 
The corresponding maximum stress is 
pi = Mar,/I = 134,700 X 3.644/33.14 = 14,810 lb per sq in. 


The longitudinal! stress due to steam pressure is the same as at O, 
which is 2825 lb per sq in. The uniform longitudinal stress due 
to the compressive reaction N is 


Pre = N/A = —640/5.33 = —120 lb per sq in. 
Therefore 
pi = 14,810 + 2825 — 120 = 17,500 lb per sq in. 
We have again 
P2 = Po = 5650 lb per sq in. 
The shearing stress due to the twisting moment is 


Mar, 91,900 X 3.644 
21 2 X 33.14 


% = = 5052 lb per sq in. 


While the shearing stress due to the reaction forces at A is 


_ _ (17292 + 19164) 
% A 5.33 


= 484 lb per sq in. 


Therefore 
Ga = & +4, = 5052 + 484 = 5540 lb per sq in. 


and the equivalent stress, according to the strain-energy theory, 
Equation [66] becomes 


Peo = V[17,500? + 5650? — (17,500 x 5650) + (3 x 5540?)) 
= 18,200 lb per sq in. 


This still falls below one-half the stress at the yield point, 
}po = 19,500 lb per sq in. 

According to the maximum-shear theory, Equation [62) 
Peq = 16,200 lb per sq in., which is again appreciably lower than 
according to the strain-energy theory. 

In most cases the direct stress pie and the shearing stress q, 
can be safely neglected as being inside the limits of accuracy of the 
computations. 

The stresses at O and A are greater than anywhere else in the 
straight parts of the pipe as can be ascertained by means of 
Equations [18], so that it remains only to investigate the stresses 
in the bends. 


STRESS IN THE First BEND 


In the first bend M, acts in the plane of the bend and is a maxi- 
mum when 


tan ymax = P/Q = 1729/1916 = 0.902 
Therefore y = 42 deg 3 min. 
The maximum value of M, as obtained from Equation [39a] is 
Mymex = Mo, + PL, + R[-V(P? + — Q] 
135,400 + (1729 X 108.9) + 36.3 [+/(1729? + 1916?) 
— 1916] 


= 77,000 in-lb 
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The bending moment normal to the plane of the bend at any 
point S as obtained from Equation [41] is 


M, = (Mo, — NL,) cos ¥y — (Mo, + NR) sin ¥ 
which is a maximum when 


Mo, + NR 


—13,880 + (640 x 36.3) 
Mo, — NL, 


54,410 — (640 X 108.9) 
= 0.613 


tan Yomax = — 


Substituting this value in Equation [41 ] we find 
Mymax = (—15,280 X 0.852) — (9360 X 0.523) = —17,900 in-lb 
The twisting moment at S, according to Equation [42], is 
M, = (Mo, — NL,) sin ¥ + (Mo, + NR) cos y — NR 
which is a maximum when 
tan Yimax = —1/tan Pomax 


This places the maximum outside the quadrant and we have 
to determine the value of M, where y = 0, and y = r/:. It is 
found that for y = 0, M, = Mo, = —13,880 in-lb, and for 
y = 7/2, M, = 38,520 in-lb. Hence, M, has its greatest value at 
D, and since M, has its maximum at yy = 42 deg, and M, at 31'/, 
deg, and since they are all small or moderate as compared with 
the couples at A and O, it is unnecessary to consider any combina- 
tion of the three couples. It is of interest, however, to investi- 
gate the stress caused by M,max, which is found from Equation 
[53]. 

The maximum stress occurs at a point in the section, the radius 
of which forms a certain angle @ with the neutral axis. This 
angle can be found from Equation [55], in which \ = 0.705. 
Therefore 


sin 0 = +/[(2.982 + 5)/18] = 0.666 


and since K = 2.29, the value of 8 can be found from Equation 
[54a], where 


8 = 2/3 K sin @ = 2/3 X 2.29 X 0.666 = 1.017 


The maximum stress can now be determined from Equation 
[53], where 


Pibmax = (1.017 X 77,000 X 3.523)/33.14 = 8320 lb per sq in. 


It is unnecessary further to peruse the study of the longitudi- 
nal stress in this case, since it is known to be much smaller than 
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the transverse stress. From Equation [56] we have at the outer 
surface in the neutral axis 


18M)r___ X 77000 X 0.705 X 3.523 


“7 (12 X 0.497 + 1) 
= 14,930 lb per sq in. 


Pob 


The hoop stress pz: due to steam pressure was found previously 
to be 5650 lb persqin. The transverse compressive stress due to 
flattening, applying Equation [58], is 


2M,r? (6X? + 1) 
RI +1) 


2 X 77000 X 12.41 
36.3 X 33.14 


3.982 
6.964 
= 910 lb per sq in. 


Pe = 


Hence, from Equation [59] the total transverse stress in the 
neutral axis is 


P2 = 14,930 + 5650 — 910 = 19,670 lb per sq in. 


At the section where M,max is acting, there is a twisting 
moment as given by Equation [42]. With ymax = 42 deg 3 
min, we find after applying Equation [42] that M, = 26,520 in- 
lb. Hence, a shearing stress is produced at the outer surface 
which, according toEquation [51], is found to be 


_ (26,520 X 3.644) 
33.14) 


a = = 1460 lb per sq in. 
The equivalent stress in the neutral axis with p, = 0 and neg- 
lecting ps, from Equation [66] is 


Peo = V(pr? + 3q2) = [19,6702 + (3 X 1460%)] 
= 19,900 lb per sq in. 


which is a little more than one-half the stress at the yield point. 
The investigation of the stresses in the second bend are made 
in the same manner. 
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An Airfoil-Type Propeller Blower for 
Ventilating Electrical Machines 


By C. E. PECK! ann M. D. ROSS,? EAST PITTSBURGH, PA. 


The authors discuss the development of an airfoil-type 
propeller blower, the design of which was influenced by 
space limitations in connection with the motor-driven 
blower equipment for a 165,000-kw turbine-generator unit 
installed at the Richmond station of the Philadelphia Elec- 
tric Company. After the fan was designed, a model was 
built and tested before the full-size equipment was con- 
structed. The authors present performance data for both 
the model and the full-size blower. 


EW types of apparatus of improved design and perform- 

ance are frequently developed as a result of an effort to 

overcome certain difficulties in a particular commercial 
application. Space limitations in connection with the motor- 
driven blower equipment for a large turbine-generator unit 
brought about the development of the blower described in this 
paper. When the latest addition to Richmond station of the 
Philadelphia Electric Company was planned, it was decided to 
add a 165,000-kw turbine-generator unit. As the turbine-room 
structure was already in existence with space originally designed 
for four 50,000-kw units, it will be seen that the design of a 165,- 
000-kw unit to go in the space originally occupied by a 50,000- 
kw unit involved a careful use of all the available space. The 
specifications called for all blowers, air coolers, and air ducts 
to be located below the generator. The height of the space 
available for this equipment was fixed by the height of the 
existing turbine-floor level which was 28 ft 6 in. above the con- 
denser-floor level. The width of the space was limited on one 
side by a circulating pump and on the other by an elevated track. 
Space had to be provided to permit ready removal of air-cooler 
tubes. The specifications called for four motor-driven blowers, 
one of which was to be a spare unit. The generator required a 
maximum volume of 170,000 cfm. The calculated pressure drop 
in the generator air coolers and ducts was 12 in. of water. There- 
fore, the volume rating of each blower was to be 57,000 cfm. 

A study of the space available under the generator soon indi- 
cated that the usual types of blowers available would occupy too 
much space and would not fit in with any reasonable system of 
air ducts. Having had considerable experience with propeller 
blowers built on the shafts of turbine generators, it was decided 
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to undertake the development of a propeller-type blower of high 
speed and small dimensions to suit this application. 

Another requirement to be met by these blowers was that they 
were to be suitable for full-voltage starting control for the induc- 
tion motors driving them. As the generator would operate at 
all times with two or three blowers running in parallel, the blower 
characteristics had to be such that good parallel operation would 
be obtained. As the blowers were to be part of a closed ven- 
tilating system in which the air was returned to the generator 
after being cooled in finned-tube coolers, it was necessary to 
provide them with suitable intake ducts. Air leaving the genera- 
tor and entering the blower may reach a temperature of 150 F 
and some means had to be provided in the design to avoid exces- 
sive heating of the blower bearings with this high-temperature air 
adjacent to them. The speeds available for the blowers corre- 
sponded to the standard speeds for 60-cycle induction motors. 
The speed adopted was 3550 rpm. 


DESCRIPTION OF FULL-S1zE BLOWER 


The design of the full-size blower is shown in section in Fig. 1. 
The fan runner consists of eight aluminum-alloy blades dovetailed 
into a forged-steel hub. The fan runner is overhung on two sleeve 
bearings mounted in a common rigid cast-iron pedestal as shown 
in Fig. 2. The shaft and bearings were designed on the premise 
that no serious damage would occur to these parts in the event 
of losing one blower blade at full speed. The provision of a rigid 
shaft and pedestal contributed largely to the smooth running of 
the unit as a whole as found by test. The thrust varies with the 
back pressures against which the blower is working. In order 
to take care of the highest thrust obtained, a two-shoe Kingsbury 
thrust bearing was incorporated in the same housing as the journal 
bearing adjacent to the motor coupling. 

As the blower bearing losses amounted to something over 1 kw, 
a small centrifugal fan was mounted on the blower shaft to force a 
stream of air through passages under the oil chamber in the ped- 
estal, thus cooling the lubricating oil. This cooling air discharges 
into the space between the pedestal and the blower casing and 
effectively prevents heat from the casing affecting the pedestal. 
To provide circulation of the lubricating oil, a small oil pump is 
mounted on the outboard-motor bracket and connected to the 
blower pedestal by brass piping. 

Air from the generator enters the blower casing from the top 
through a hand-operated damper which can be closed when a 
blower is shut down with other blowers in operation. The blower 
casing is constructed of welded-steel plate sufficiently rigid to 
support the guide-vane and diffuser structure which is bolted with 
a flanged joint to the casing. Air enters the blower through a 
spun-aluminum intake nozzle, passes through the blower and then 
through the stationary guide vanes in the diffuser. The guide 
vanes are built up of aluminum castings. 


THEORETICAL DESIGN OF THE FAN 


The fan without guide vanes and diffuser was designed on the 
basis of the theory outlined in a paper by Dr. O. G. Tietjens.* 
Within certain empirical limits the proportions of the fan itself, 


3 “*The Propeller-Type Fan,” by O. G. Tietjens, Trans. A.S.M.E., 
vol. 54, 1932, paper APM-54-13, pp. 143-152. 
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without guide vanes or diffuser, can be accurately predetermined 
for a given pressure and volume. Certain empirical limits ap- 
plied to the theoretical design had been found by means of con- 
siderable experimental investigation performed by H. C. Werner 
of the Westinghouse Research Laboratories on several different 
fans of the air-foil type. The guide vanes and diffuser add con- 
siderably to the capacity and efficiency of the fan. As a result, 
the theoretical design of the fan itself was based on 90 per cent 
of the required volume of 57,000 cfm per fan and 85 per cent of 
the required static pressure of 12 in. of water, which is approxi- 
mately 25 per cent lower than the required capacity. It was 
assumed that the diffuser would recover between 70 and 80 
per cent of the dynamic energy created by the fan in a direction 
parallel with the axis of rotation. In addition, it was assumed 
that the guide vanes would recover about 50 per cent of the 
rotational energy at the discharge side of the fan. How closely 
the tests verified these assumptions is discussed later. 

The fan blade has an airfoil cross-section of varying profile from 
hub to tip. The general shape is that of a cross-section of an air- 
plane wing having a flat side and well-rounded leading edge which 
is stable for large angles of attack. The blade width and angle 
with respect to a vertical plane gradually decrease from hub to 
tip. The fan contains eight blades so spaced at the hub that no 
overlapping exists. Mutual interference of one blade upon 
another was found to be very small with this spacing. 

In line with the theory outlined in Tietjens’ paper,’ the foliow- 
ing is a brief analysis of the factors to be considered in the theoreti- 
cal design: In designing a propeller fan the total pressure gener- 
ated by the fan multiplied by the volume rate of flow represents a 
certain power output. The volume rate of flow is equal to the fan 
area times the axial velocity through the fan. Hence, the power 
output is 


where A is the fan area, w is the axial velocity through the fan, 
p, is the total pressure (static plus dynamic), and T is the total 
force acting on the fan area and is called the thrust. In general, 
the problem reduces to that of designing a fan which will produce 
the total thrust corresponding to the required total pressure. 

From airfoil and propeller theory, the thrust depends on the 


Cross-Section ASSEMBLY OF THE FULL-Size Unit 


magnitude and distribution of the aerodynamic circulation around 
the blade. This may be given by the relation 


aT = (no rw) dr........ 


where dT is the incremental thrust at a point corresponding to 
radius r on the blade, [ is the circulation, w is the angular 
velocity of the fan, n is the number of blades, and p is the air 


Fig. 2 Fan RuNNER AND BEARING OF THE AIRFOIL BLOWER 


density. It has been shown theoretically that the pressure rise 
through a propeller fan and, hence, the thrust, can only be ob- 
tained by the creation of a rotational-velocity component which 
can be clearly observed at the discharge side of the fan. The 
circulation and rotation are related to the blade dimensions at 
radius r by the equation 


in which C, is the coefficient of lift of the blade at the air-foil cross- 
section corresponding to the radius r; b is the width of the blade; 
and v is the velocity of air relative to the blade. The relation be- 
tween v and the axial velocity through the fan and the peripheral 
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speed at the radius r and the rotational component at the radius r 
is shown geometrically in Fig. 3. The angle of attack a@ is neces- 
sary to produce the required lift at radius r, and a + 8 is the angle 
at which the blade is located on the hub. 

The fundamental definition of the term circulation is given by 
the relation of the quantities defined in Equation [3]. Physi- 
cally, the circulation is an idealized component of the actual flow 
around an airfoil which can be represented by the streamlines 
completely traversing the airfoil in a rotating manner. A de- 
tailed explanation of the meaning of circulation is given by 
Prandtl-Tietjens.* 

If the circulation were assumed constant over the entire blade 
area in Equation [2], the thrust would vary directly with the 
radius only, and the total thrust could be obtained by analytical 
integration of Equation [2]. However, with constant circula- 
tion the portions of the blade at the smaller radii are worked at 
relatively high outputs and the rotation losses become much 
higher than if the circulation were decreased with decreasing 
blade radius. It is possible to have constant circulation over 
the blade area without large rotation losses if the hub diameter is 
made large relative to the outside diameter, which has the effect 
of increasing the outside diameter. For a given required total 
thrust, a compromise is reached between the size of hub relative 
to outside diameter. 

The circulation distribution is decreased toward the hub in 
such a way that rotation losses are reduced to a value consistent 
with high efficiency. The fan considered in this paper would have 
had 45 per cent more rotation loss if the circulation had been con- 
stant over the blade area, which is equivalent to a reduction of 5 
per cent in the fan efficiency. The ratio of hub diameter to out- 
side diameter was 0.4. This rotation loss is the component of 
energy at the fan discharge which lies in a plane perpendicular to 
the axis of rotation of the fan. The dynamic energy is the axial 
component of the energy at the fan discharge. 

Table 1 gives the important constants of the fan referred to in 
these tests. The volume and pressure are for the fan itself with- 


TABLE 1 CONSTANTS OF THE AIRFOIL 


OPELLER BLOWER 


Air density, lb per cu ft.. 0.0749 

Static pressure, 10.2 
Fan area, sq ft.. 6.87 
Constant axial velocity throu 7650 
Dynamic pressure head, in. of water.................. ‘ 3.55 
Ratio of dynamic to total head......................-. . 0.258 


out guide vanes or diffuser at the calculated design point which is 
also the point of maximum efficiency. 

The ratio of dynamic head to total head is an important con- 
stant for the propeller-type fan because if this value is made too 
low, such as 0.10 to 0.15, the application of airfoil theory to the 
fan design begins to become inaccurate because the nature of the 
flow around the blades is changing due to centrifugal effects 
caused by the air rotating much faster at the lower-volume points. 
Values of the ratio between 0.20 and 0.30 have been found satis- 
factory from the standpoint of performance and efficiency. 


DescripTion OF Mopet-Test Set-Up 


The model was built about one-quarter size and geometrically 
similar to the proposed full-size application in all the important 
details including the inlet box, inlet guides, and diffuser. The best 


4 “Applied Hydro- and Aeromechanics,” by O. G. Tietjens, based on 
lectures of L. Prandtl, McGraw-Hill Book Company, Inc., New 
York, 1934. 
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proportions of such parts as the guide vanes and diffuser as 
determined from the model tests were incorporated in the final 
full-size unit with exact geometric similarity. 

A schematic diagram of the model-test set-up is shown in Fig. 4. 
The fan draws air through a long gradually diverging inlet duct 
at the entrance of which is located a flow nozzle for measure- 
ment of air volumes. The inlet duct is fastened to the side of the 
inlet box of the fan. The fan discharges air directly to the room 
or into the diffuser and guide-vane arrangement. The fan shaft 
extends through the inlet box and is coupled to a 4/;-hp electric 
dynamometer used to measure the power input to the fan and 
also drive the fan. The duct ahead of the flow nozzle was pro- 
vided with a well-rounded entrance in the form of a one-piece 
smooth spun-copper ring. Between this ring and the duct 
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difference between Peripheral Speed and 
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Fie. 3 Arr VeLocity RELATIVE TO THE BLADE 
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Fic. 4 DraGram or Test ARRANGEMENT FOR THE MopDEL 
BLOWER 


flange, screens were placed in order to vary the pressure-volume 
delivery of the fan. 


MEASUREMENTS 


The volume of air was measured by means of a flown ozzle 
made of smooth spun copper. The proportions of the nozzle 
were similar to one of those built by the Bureau of Standards and 
calibrated for use in calibrating orifices.6 An average nozzle 
coefficient of 0.980 was used. The pressure drop across the 
nozzle was measured by means of eight accurately constructed 
static-pressure taps on the inlet and discharge sides of the flow 
nozzle. The pressure drops were measured on an inclined ma- 
nometer the scale of which was such that errors were within '/, 
per cent for normal fan delivery. 

The static pressure developed by the fan was measured by 
means of taps in the top corners of the inlet box. The average 
velocity to the inlet box was about 500 fpm which is low enough 
to introduce negligible error in the measurement of static pres- 
sures from '/; to 2.5 in. of water found in the model tests. 

The power input was measured by means of a dynamometer 
arrangement consisting of a 1/:-hp direct-current motor used to 
drive the fan. The stator of the dynamometer was suspended in 
ball bearings and equipped with a lever arm and scale pan. 
The torque reaction was measured by balancing it against weights 


5’ “Discharge Coefficients of Square Edged Orifice for Measuring 
the Flow of Air,’’ by H. S. Bean, E. Buckingham, and P. S. Murphy, 
Bureau of Standards Journal of Research, March, 1929, pp. 568-652. 
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placed in the scale pan mounted on the lever arm. Speed was 
maintained at a given value by using current supplied from a 
separately excited direct-current generator driven by a single- 
phase alternating-current motor. The sensitivity of the sus- 
pension was such that the average input of !/, to '/; hp could be 
checked within 1 per cent. Extreme care was exercised to 
obtain accurate results. Checks were obtained by means of 
repeat runs after a considerable time interval. All data were 
corrected to the standard air density of 0.07488 lb per cu ft. 
On repeat runs, the pressure multiplied by the volume and 
divided by the power input which measures the fan efficiency 
could be checked within 2 per cent. 


Mopet Tests RESULTS 


Tests on Fan Itself. In all of the model tests made, the intake 
box was in place. All of the model data have been expressed in 
terms of the values for the full-size unit. The results of the tests 
of the fan itself without guide vanes or diffuser are shown in Fig. 
5. The test-performance curve checks closely with the working 
point for which the fan was designed. The static efficiency of 56 
per cent at the working point is the approximate maximum static 
efficiency. The total efficiency of the fan itself without guide 
vanes or diffuser is about 75.8 per cent and is based on the static 
pressure plus the dynamic pressure corresponding to the aver- 
age axial-velocity component of the air at the fan-discharge 
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Fie. 5 PrRFORMANCE CURVES OF THE Fan ALONE 


(Performance with inlet-box baffles removed is shown by dashed lines 
while performance with baffles in the inlet box is shown by solid lines.) 


is a measure of the sum of the fan losses expressed in terms of 
per cent efficiency. <A detail discussion of the magnitude and dis- 
tribution of these losses is given later. 

The solid curve in Fig. 5 represents the performance with the 
intake box in which were placed two vertical baffle plates diametri- 
cally opposite. These plates were fitted around the curved inlet 
guide which is part of the fan housing. With these plates in 
place, the pressure characteristic was rising with decreasing 
volume which is a necessary property for satisfactory operation 
of two or more fans in parallel. When the plates were omitted 
from the intake box, the pressure characteristic assumed the 
“hump” shape which is represented by the dashed line in Fig. 5. 
This shape is not suitable for parallel operation. The perform- 
ance with and without the plates was the same at the higher- 
volume points and in the region of the desired working point. 
The “hump” shape is caused by the air whirl induced in the inlet 
box which becomes large enough in magnitude at the lower 
volumes to reduce the static pressure considerably below the 
values obtained when no such whirl is present. 
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The flat portion on the fan curve is characteristic of the pro- 
peller-type fan. From a theoretical standpoint, this sudden 
change in the slope of the pressure characteristic is caused by too 
large an angle of attack on the blade section. From airfoil 
theory, as the angle of attack increases, a point is reached at which 
the lift becomes a maximum and any further increase in angle of 
attack results in a sudden decrease in the lift, the flow conditions 
around the blade becoming unstable. In the propeller fan, as the 
axial velocity through the fan decreases the angle of attack at a 
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(Performance with very close clearance between the housing and fan is 
shown by dashed lines while the performance with a clearance of 1.25 per 
cent of the fan housing is shown by solid lines.) 


given point on the blade section increases until a point is reached 
where the angle of attack has reached a value corresponding 
to the maximum lift. Beyond this point the decrease in lift 
which takes place on a wing section is replaced in the propeller- 
fan blade by centrifugal action. Thus, at the point where the 
pressure characteristic flattens out, the airfoil theory no longer 
holds. 

Tests With Diffuser and No Guide Vanes. The performance 
curves for the fan with diffuser and no guide vanes are shown in 
Fig. 6. A large gain in efficiency results when the diffuser alone 
is used. In this particular fan, a reasonably large gain using a 
diffuser alone may be expected because approximately 20 per cent 
of the fan power input is necessary to create the axial component. 
of the dynamic energy present at the fan-discharge area. Of this 
20 per cent, 3.2 per cent represents the axial component of the 
dynamic energy at the discharge area of the diffuser. The change 
in static efficiency of the fan from 56 to 66 per cent with the 
diffuser and same housing clearance in each case indicates that the 
diffuser recovered about 60 per cent of the available dynamic 
energy between the entrance and exit of the diffuser. Since no 
guide vanes were present to straighten the rotating air, the 80 
per cent conversion of axial dynamic energy to static energy which 
is to be expected with a good diffuser could not be obtained. A 
test made with the center cone of the diffuser removed reduced 
the static efficiency from 66 per cent to 64 per cent. 

Guide-Vane Model Testis. The proportions and angles of the 
guide vanes were determined by a set of tests. It was found 
that flat-plate vanes twisted so that the angle varied from the 
hub to tip gave but a small increase in static efficiency. The plate 
shape is much more sensitive to the direction at which the air 
leaving the fan strikes the vane than the blunt-nose airfoil-shaped 
vane. The air leaving the fan strikes the airfoil vane at a certain 
angle of attack. With the blunt-nose airfoil-shaped vane, the 
angle of attack may vary as much as 10 to 12 deg before the air 
flowing around the vane tends to “break”’ away from the vane 
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surface. At the “break” point the vane no longer acts as a guide 
to straighten the air flow from the rotational direction to the axial 
direction, but acts instead as an obstruction. The approximate 
angles at which the air was discharged from the fan were measured 
from hub to tip by means of a thread and protractor. From these 


Fic. 7 


Tue Dirruser AND GuIpE VANES OF THE BLOWER 


data several sets of airfoil-shaped vanes with various angles of 
twist were made and tested. It was found that the vane which 
gave the largest increase in static efficiency near the desired fan 
working point was set within about 5 to 8 deg of the theoretical 
discharge angle corresponding to the calculated rotation of the 
fan. 

The number of guide vanes was varied and it was found that 
when less than six vanes were used the gains in efficiency were 
reduced, probably due to the lack of sufficiently close spacing be- 
tween vanes to provide the required guiding action. Both the 
six-vane and eight-vane arrangements gave about the same ef- 


ficiency. The six-vane arrangement was used on the final full- 
size unit. The guide vanes mounted in the diffuser are shown 
in Fig. 7. 


Size Tests AND RESULTS 


Description of Test Set-Up and Method of Test. The full-size 
unit assembled with inlet box and diffuser is shown in Fig. 8. 
A large discharge box was built at the discharge of the diffuser. 
A portion of this box can be seen in Fig. 8. On the roof of the 
discharge box, five stacks, each with a different discharge area, 
were constructed and used as flow nozzles. Various volume 
points on the performance curve of the fan were obtained by 
closing different combinations of the stack openings. : 

The air enters the inlet box from above and passes through the 
fan and diffuser to the discharge box. A large screen with a 
cheese-cloth covering is located in the discharge box just beyond 
the diffuser outlet. This serves to break up the velocity head of 
the air leaving the diffuser and thus provides uniform inlet condi- 
tions to the nozzles. 

The air volume was measured by making a pitot-tube traverse 
at the exit of each nozzle. In order to investigate the air distribu- 
tion in each nozzle and obtain an accurate average, a large num- 
ber of pitot-tube readings were taken. The air distribution 
was found to be reasonably uniform and the direction of the air 
was essentially parallel with the axis of the nozzle. These condi- 
tions made it possible to measure the air volume very accurately. 
The use of the large discharge box and screens eliminated any 
errors which might be present due to pulsating flow conditions. 
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The static pressure generated by the fan was measured in the 
discharge box after the air had passed through the screen. At this 
point the air velocity was very low and thus an accurate measure- 
ment of static pressure could be obtained. 

The fan is driven by a 3600-rpm induction motor. The power 
output of the motor was accurately obtained by means of a special 
calorimeter-test method which will not be described here. This 
method of test eliminated the uncertainty of the magnitude of 
the load loss which in this case was enough to affect the fan 
efficiency by approximately 2 per cent. 

Test Results. The results of the test on the full-size fan with 
guide vanes and diffuser are given in Fig. 9. The performance 
includes the effect of the inlet box. The power input to the fan 
includes the loss in the thrust bearing which is of the order of 1.5 
kw. The model tests with similar guide vanes and diffuser 
checked the full-size performance closely. The maximum static 
efficiency on the model was 77 per cent. The maximum static 


Fic. 8 Test ARRANGEMENT OF THE ASSEMBLED FULL-SIZE 
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efficiency on the full-size unit was 78.5 per cent, including the loss 
due to the fan thrust bearing. - The close check between the tests 
of the model and full-size unit indicated that the different methods 
of test used on the model and the full-size unit were satisfactory. 
The total efficiency of the unit with guide vanes and diffuser 
based on the static pressure plus the axial dynamic pressure at 
the diffuser discharge is 82.5 per cent, including the effect of the 
inlet-box and thrust-bearing loss. 
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Clearance Between Fan and Housing. The model tests demon- 
strated the importance of the clearance space between the out- 
side fan diameter and the surrounding housing. Fig. 6 shows 
performances ascertained from two tests, one with a clearance 
between fan and housing of 1.25 per cent of fan radius, and the 
other with a very small clearance obtained on the model by mold- 
ing a layer of modeling clay to the inside of the housing and scrap- 
ing the excess off by running the fan in the housing. With this 
type of fan, an appreciable gain in efficiency results when clear- 
ances are close. The axial width of the eight-bladed fan at the 
blade tip is about 24 per cent of the radial height of the blade. 
The small axial width compared to the blade height may be linked 
with the sensitivity to clearance. The clearance between the 
blade tip and housing for the full-size unit is 0.163 per cent of the 
outside fan radius. In the test shown in Fig. 5, the efficiency of 
the fan itself was raised from 57 per cent to 61 per cent when an 
extremely small clearance was used. 


CALCULATED LossEs AND EFFICIENCIES COMPARED TO 
TESTS 


The losses in a propeller fan may be classed under the two head- 
ings of recoverable and non-recoverable losses. The non-recover- 
able losses are those which originate in the fan itself and are called 
the drag losses. It is equivalent to the drag loss on an airfoil and 
is due to the fact that each blade element in producing a certain 
lift must overcome a certain drag due to friction and the nature of 
the flow around the airfoil. 

The recoverable losses consist of the energy in the air at the dis- 
charge side of the fan. This energy is conveniently resolved into 
two components, namely, the rotational-velocity component 
which lies in a place perpendicular to the axis of rotation, and the 
axial-velocity component which is parallel with the axis of rota- 
tion of the fan. 

Table 2 gives the magnitude of these various losses expressed 
as per cent of energy input to fan at working point of fan itself. 
(For point of maximum efficiency see Fig. 5.) Table 2 shows 
which losses limit the efficiency of the fan. The agreement be- 
tween the calculated and test values of static efficiency indicates 
that the magnitude and relative apportionment of the total 
losses into their various parts is approximately correct. 

A study of Table 2 makes the following points worthy of note. 
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TABLE 2 CALCULATED LOSSES AND EFFICIENCIES, 
PERCENT OF FAN INPUT 
Fan with 
guide vanes 
Fan and 
Item alone diffuser 
(a) Drag loss, not recoverable.................. 13.3 13.3 
(6) Rotational-loss component................. 9.3 3.7% 
(c) Axial dynamic-energy component........... 20.0 3.46 
(d) Energy at diffuser exit, not recoverable...... 0 3.2 
(e) Total losses, Items a 4- d, not recoverable... 13.3 16.5 
Total losses, Items b + c, recoverable....... 29.3 <s 
(g) Total losses, Items a + b +c¢ + d.......... 42.6 23.6 
Calculated static efficiency (100 — Itemg).. 57.4 76.4 
Test static 56.5 78.5¢ 


@ Assumed 60 per cent recovered. 
> Assumed 80 per cent recovered. 
¢ Approximately 1 per cent low because of bearing loss. 


If all of the recoverable losses were recovered, the maximum 
efficiency of the fan would be 86.7 per cent. The approximate 
percentage of losses recovered by means of the guide vanes and 
diffuser amounts to 75 per cent of the recoverable losses. The 
largest component of loss is the axial dynamic component which 
explains in part why the diffuser alone without the guide vanes 
gave a large increase in the static efficiency. 


Noise 


No complete investigations of noise levels were made but some 
comparisons indicated that the noise level of the fan would add 
little, if any, to the general noise level of the power station. 
These comparisons are based on the fan operating on the test 
floor where the intakes were open, but in the actual application 
the fan is part of a completely enclosed system. 


SUMMARY 


The results of designing, building, and testing a fan of this type 
bring out the following possible advantages: 


1 Within certain limits the performance and design propor- 
tions can be predetermined accurately. 

2 From a mechanical standpoint, the propeller is particularly 
adaptable for high speeds. 

3 The intake box has little effect on the fan performance. 

4 For the pressures and volumes used in this application, the 
size of the unit is reasonably small. 

5 The fan efficiency is high. 
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Progress Report on Cavitation Research at 


Massachusetts Institute of Technology 


By J. C. HUNSAKER,' CAMBRIDGE, MASS. 


This paper, a second progress report on the study of the 
nature of hydraulic cavitation being conducted at M.I.T., 
is continued along the lines reported in the first paper pub- 
lished in Mechanical Engineering, April, 1935, and dis- 
cusses information obtained regarding the relation be- 
tween frequency of vapor collapse and the controlling 
variables. The current work tends to confirm that pre- 
viously reported. A new method for the study of resis- 
tance to cavitation attack is described. 


N THE present work on hydraulic cavitation it is found that 
I the coefficient fL/V remains substantially constant, not only 
for geometrically similar venturi-type nozzles but also for all 
nozzles having the same exit flare. 
In the coefficient term fL/V, f is the 
frequency of collapse, L is the length 
of cavitation volume, and V is the 
velocity at the nozzle throat. Rey- 
nolds’ number does not appear to 
control matters, possibly because 
the range for variation of Reynolds’ 
number in the tests is not very great, 
but more probably because the flow 
is inherently turbulent and viscosity 
effect cannot be important. How- 
ever, the relation fL/V can only 
be determined when cavitation is 
well developed and L is of substan- 
tial magnitude. 

Further work has confirmed the 
opinion that the damage to sur- 
faces caused by cavitation is severe 
only when the collapse is noisy, 
violent, and regular. For such fully 
developed cavitation the frequency 
of collapse is regular. When cavi- 
tation is not well developed and L 
is but one or two throat diame- 
ters, the frequency observed is highly irregular, severe shocks 
are infrequent or absent, and damage to walls is very slight. 


1 Head of Mechanical Engineering Department, Massachusetts 
Institute of Technology. Mem. A.S.M.E. Dr. Hunsaker was 
graduated from the United States Naval Academy in 1908 and re- 
ceived his M.S. degree from M.I.T. in 1912 and D.Sc. degree in 
1916. From 1909 to 1926 he was an officer in the U. S. Navy, but 
during this period served as instructor of aeronautic engineering at 
M.I.T. from 1912 to 1916. From 1916 to 1923 he was in the Navy 
Department, Washington, D. C., in charge of aircraft design. From 
1923 to 1926 he was Assistant Naval Attaché at London, Paris, 
Berlin, and Rome. He was appointed assistant vice-president of 
the Bell Telephone Laboratories in 1923 which position he held until 
1926 when he became vice-president of the Goodyear-Zeppelin Cor- 
poration. He assumed his present duties in 1933. 

Contributed by the Hydraulic Division for presentation at the 
Annual Meeting of THe AMERICAN SocreTy oF MECHANICAL EN- 
GINEERS to be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1936, for publication at a later date. 


Fig. 1 Leap Disk 5/s In. Diameter Arter 0.5-MIN 
OSCILLATION IN CALCIUM-CHLORIDE SOLUTION 


Wall damage also appears to depend on the abolute size of 
the nozzle used, or the energy available in the cavitation volume, 
since tests with small nozzles, geometrically similar to large ones 
produced little or no damage even when cavitation conditions 
appeared to be similar. 

When the exit flare varies more or less from 21 deg, the fre- 
quency of cavitation collapse is irregular, severe shocks infrequent 
or absent, and damage slight regardless of the length of cavitation 
volume for equal throat velocities. 

The conclusion from the current work is that cavitation of a 
type to cause severe damage requires, probably, some unique 
combination of variables, of which exit flare or profile shape 
appears to be important. Therefore, a technique for the quanti- 
tative measure of the severity of 
cavitation damage is required. In 
this conneetion exposure of test 
medallions of metal has proved of 
interest. The determination of 
weight loss against time of expo- 
sure, however, does not give a suit- 
able numerical measure of the se- 
verity in a reasonable time. Lead, 
for example, may be severely dam- 
aged without showing appreciable 
loss of weight. However, it is found 
that properly cured cement will 
progressively lose weight under cavi- 
tation attack and it is planned to 
report tests of various cavitation 
conditions in terms of a scale based 
on loss of weight of cement. 

The severity of cavitation not 
only depends on the type of cavi- 
tation but must also depend on the 
liquid, and especially its density and 
vapor pressure. However, it is im- 
practical to repeat the hydraulic ex- 
periments with other liquids. 

It is known, however, that high-frequency vibration of a 
submerged diaphram, such as is used in submarine signaling, can 
produce cavitation and damage. An apparatus, similar to that 
described by Gaines? for oscillating a nickel tube at high frequency 
by magnetostriction effect was used to oscillate 5/;-in. disks of 
lead and cement with a frequency of about 8500 cycles per sec 
through an amplitude of about 0.01 mm. 

Tests are being made with a number of common liquids of 
widely different physical properties. Tests of lead disks in water 
or in a calcium-chloride solution show vastly more damage than 
when tested in alcohol or in carbon tetrachloride. Presumably 
the high vapor pressure of the latter liquids accounts for this. 
The appearance of the damaged surface of the lead is identical 


2 “A Magnetostriction Oscillator Producing Intense Audible Sound 
and Some Effects Obtained,’’ by N. Gaines, Physics, vol. 3, no. 5, 
1932, pp. 209-229. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Fic. 2. Leap Disk 5,3 In. Diameter AFTER 6 MIN OSCILLATION 


IN CALCIUM-CHLORIDE SOLUTION 


Fic. 3 Cross-SEcTION OF THE Disk SHOWN IN Fa. 2 


with that observed on lead exposed to hydraulic cavitation in the 
original apparatus. However, the damage to lead is not con- 
sistently measured by loss of weight and the tests are being re- 
peated with cement disks. The results of these tests will be re- 
ported later. 

It is found that either with lead or with cement, appreciable 


Fie.4 Cement Disk 5/s In. Diameter AFTER 1.2 MIN OscILLATION 
In WATER 


damage is done in one minute and a test can be completed in 
less than 10 minutes. Fig. 1 shows the surface of a lead disk 
after oscillation of one-half minute duration in saturated 
caleium-chloride solution. Figs. 2 and 3, the latter a cross-sec- 
tion of the disk in Fig. 2, show a disk similar to the one in Fig. | 
after six-minutes exposure. It will be noted that material on the 
surface is displaced plastically and not lost. On the other hand, 
a cement surface is not displaced plastically and damaged parti- 
cles are washed away. Fig. 4 shows the appearance of a cement 
disk after 1.2 min exposure to oscillation in water. 

This new method of high-frequency oscillation permits a 
rapid estimation of the relative resistance to cavitation damage 
of various materials of construction. Likewise the method lends 
itself to a fundamental study of the influence of the properties of 
the liquid on cavitation damage. To oscillate a sample in a 
beaker of fluid for a few minutes is much cheaper and quicker 
than to run hydraulic cavitation tests. 
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Progress in Cavitation Research at 


Princeton University 


By LEWIS F. MOODY! ann ALFRED E. SORENSON,? PRINCETON, N. J. 


The authors describe test apparatus and an experi- 
mental method used to determine the critical point of 
cavitation, or cavitation limit, of liquids flowing in a 
closed system as caused by the formation of vapor-filled 
cavities in the system. The experiments here described 
were directed to determine the cavitation limit, at which 
cavitation begins, and not to ascertain the consequences 
of maintained cavitation. The authors show that the 
experiments give results entirely consistent with the cavi- 
tation principle as now generally applied. 


THE PROBLEM OF DETERMINING THE CAVITATION LIMIT 


S THE effective head causing flow through a hydraulic 
A apparatus is increased, the velocity head at any point in 
the system increases correspondingly and this increase in 
velocity head entails a compensating reduction in pressure head. 
This relation holds until the absolute pressure at some point in 
the system reaches the vapor pressure of the liquid, below which 
it cannot go while liquid remains present. Any further increase 
in the effective head merely produces boiling, the conversion of 
part of the liquid into vapor. When this occurs the principle 
of continuity of flow then fails to apply and a marked change in 
the performance of the apparatus occurs. The production of 
vapor-filled cavities in the flowing liquid is what is meant by 
the term cavitation. The consequences are an interconnected 
pressure pulsation and condensation and reevaporation of the 
vapor pockets constituting a series of explosions, or more strictly 
implosions, with resulting mechanical vibration and pitting of 
the conduit walls. The experiments here described were directed 
to determine the critical point or cavitation limit, at which cavi- 
tation begins, and not to ascertain the consequences of maintained 
cavitation. 
The principles governing the incidence of cavitation in hy- 
draulie machines such as turbines and pumps were analyzed and 


1 Professor of Hydraulic Engineering, Princeton University, 
Princeton, N. J., and Consulting Engineer, Baldwin-Southwark 
Corp., Philadelphia, Pa. Mem. A.S.M.E. Professor Moody was 
graduated from the University of Pennsylvania in 1901 with a B.S. 
degree, and received his M.S. degree from the same University the 
following year. He has held positions as instructor of mechanical 
engineering at the University of Pennsylvania, 1902-1903; engineer 
in charge of tests, and designer and engineer in charge of construc- 
tion for the I. P. Morris Company, 1904-1908; professor of hy- 
draulic engineering at Rensselaer Polytechnic Institute, Troy, N. Y., 
1908-1916; construction engineer, I. P. Morris Company and suc- 
cessors, 1911 to date; and professor of hydraulic engineering, Prince-~ 
ton University, 1930 to date. 

? Assistant Professor of Engineering, Princeton University, 
Princeton, N. J. Jun. A.S.M.E. Professor Sorenson was gradu- 
ated from Rensselaer Polytechnic Institute in 1924 with an M.E. 
degree and from that year until 1926 was engaged as instructor of 
mechanical engineering at the school from which he was graduated. 
Since 1926 he has been employed in his present position. 

Contributed by the Hydraulic Division for presentation at the 
Annual Meeting of THe AMERICAN Society or MECHANICAL ENGI- 
NEERS to be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


formulated by one of the authors at the Hydroelectric Conferences 
of 1922? and 1925‘ in Philadelphia and by D. Thoma at the First 
World Power Conference in 1924 at London,* and need not be re- 
peated here. The use of Dr. Thoma’s simple and convenient 
expression for the criterion of cavitation has become well stand- 
ardized and will be adopted here. The relation is ¢ = (H,—H,)/H, 
in which H is the effective head producing flow through the sys- 
tem; H, is the height of a water barometer or the atmospheric 
head minus the vapor-pressure head, that is, H, = H, — H,,; 
H, is the elevation of the point where cavitation begins above the 
free-water surface under static conditions such as the tail-water 
surface in the case of a turbine or pump; and a is a coefficient 
which is a constant for a given apparatus. The relation is not 
limited in application to machines having moving parts, but is 
equally applicable to stationary conduits. 

Questions have been raised as to the validity of this relation, 
and it has been stated by J. C. Hunsaker‘® in reporting on experi- 
ments on a special profile that ‘‘Experience with the profile shows 
that cavitation commences at pressures much higher than the 
true vapor pressure.’’ (The authors suggest that.the pressure 
here referred to may not have been that at the point of lowest 
pressure; also, that separation of air may be distinguished 
from true cavitation due to separation of condensable vapor.) 
It must be admitted that although the derivation appears to 
be based on logical deduction and its use in turbine practice 
seems to be satisfactory, nevertheless it is desirable to obtain 
direct experimental evidence of its validity or non-validity. 

In the experiments here described, the formula was applied to 
a stationary conduit of simple form, namely a small venturi meter, 
in which the throat section can be relied upon to give good ve- 
locity distribution without curvature of the flow lines and to pro- 
vide a piezometer location which may reasonably be expected to 
record the lowest pressure in the system. To avoid a varying 
elevation of the region of cavitation the conduit was kept hori- 
zontal. The entrance and discharge diameters were the same, 
so that the effective head producing flow was merely the difference 
in pressure heads, requiring no velocity-head corrections. 


Tue Meruop ApPLieD 


As an indication of the performance of the apparatus, the 
authors used a ratio of heads representing the efficiency of con- 
version of velocity head into pressure head in the diffuser, or 
enlarging tapered section; that is 


= (hps — — 


in which hpi, hp,-and hp; are the pressure heads at entrance, 


3“‘The Hydraulic Turbine in Evolution,’’ by H. B. Taylor and 
L. F. Moody, Engineers and Engineering, Engineers Club of Phila- 
delphia, vol. 39, July, 1922, pp. 241-259. 

4 “Inter-Relation of Operation and Design of Hydraulic Turbines,"’ 
by F. H. Rogers and L. F. Moody, Engineers and Engineering, Engi- 
neers Club of Philadelphia, vol. 42, July, 1925, pp. 169-187. 

5 ‘Experimental Research in the Field of Water Power,’’ by D. 
Thoma, Transactions, First World Power Conference, London, 
1924, vol. 2, pp. 536-551. 

6 “Cavitation Research at M.I.T.,”’ by J. C. Hunsaker, Mechanical 
Engineering, vol. 57, April, 1935, pp. 211-216. 
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throat, and discharge, respectively, expressed as heights of water 
column above the centerline of the conduit, and e is the effi- 
ciency of the diffuser based on pressure heads (without introduc- 
ing the small velocity heads at entrance and discharge). This 


ratio was used as an indicator because the deceleration process 
may be expected to be particularly sensitive to change of flow 
The tests were run to determine whether the point of 


pattern. 
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carefully cleaned and the piezometer openings smoothed off with 
fine emery cloth. The throat diameter was 0.50 in. and the up- 
stream and downstream sections measured 1.05 in. in diameter. 

The water for these experiments was pumped from the labora- 
tory sump to a tank on the top floor of the building from which 
it flowed by gravity through 1!/:-in. piping to the venturi meter. 
The water was then discharged through 1'/:-in. piping into a 


Fig. 1 Cross-SecTion oF VENTURI METER 


cavitation as evidenced by a sudden dropping-off in efficiency 
or discontinuity in the efficiency curve would coincide with the 
reaching of the vapor pressure at the throat of the conduit. The 
difference in pressure heads between discharge and throat is 
dependent on the velocity head and may be expressed as a coef- 
ficient « multiplied by the effective head producing flow or 


hp — hn = oH 


The absolute pressure at the throat is 
Hp: = hp + Ha = + H, — oH 


in which H, is the atmospheric pressure head. As H is increased, 
Hp. decreases until it reaches the limit H,,, the head correspond- 
ing to the vapor pressure. This according to the theory is the 
cavitation point, and the corresponding ¢ can be found from the 
equation 


o = (hp + H, tia H,,)/H ad (H, + hps)/H 


in which H, is the barometric head H, — H,,. 

If the pressure at discharge is lower than atmospheric, and the 
top of the water column is H, ft below the elevation of the throat, 
then hps becomes —H,, and o = (H, — H,)/H, the form used for 
turbines or pumps. 

By plotting the efficiency of the diffuser e versus o, a point of 
discontinuity in the curve will indicate a change in the mode of 
flow such as would be caused by the formation of a vapor pocket. 
If the theory is correct this point should coincide with the point 
where the absolute throat pressure just reaches the vapor pressure 
of the water. 

Finally, the results were plotted, as shown in Figs. 4 and 5, 
from which it will be seen that the break in the curve of efficiency 
versus ¢, Fig. 5, coincides exactly with the reaching of the vapor 
pressure at throat as shown by Fig. 4. The corresponding values 
of the throat pressure are also shown in Fig. 5 for various values 
of «, to show this coincidence more clearly. The slight slope of 
the efficiency curves in the region of no cavitation reflects the 
changing Reynolds number. The two curves for different ranges 
of back-pressure show agreement with the theory in each case. 


APPARATUS AND PROCEDURE 


The work described in this paper was conducted in the hy- 
draulic laboratory of the Princeton University School of Engi- 
neering with the apparatus layout shown in Figs. 1 and 2. The 
venturi meter used was of brass, manufactured in the shop at the 
University. Before the tests were made, the instrument was 
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pair of weighing tanks which were not used in this series of ex- 
periments. 

Many types of gages were used before suitable instruments 
were obtained. There was so much oscillation in the plain U- 
tube manometer that it had to be modified for use in this con- 
nection. The gages for measuring the pressures at points 1 and 
3 in Fig. 2 were made as shown by using a 2-in. pipe nipple capped 
on both ends, as a mercury pot. The pot was connected by a 
1/,-in. nipple to a cast-iron header which held the gage glasses. 
The gage glasses were */;-in. outside diameter and !/,-in. inside 
diameter and were held in the header by means of rubber stoppers. 
Meter sticks graduated in millimeters were used as scales on all 
gages. The gage for recording the pressure at the throat of the 
meter had to be made differently because of the vacuum at this 
point. The gage which was finally successful was similar to a 
barometer but the scale was adjustable and was fitted with a 
strip of stainless steel set at its exact zero mark. The strip 
was connected through a dry cell to a flashlight bulb, so that when 
the point touched the mercury level in the pot, the circuit was 
completed and the bu!b would light. It was found that this 
arrangement was very sensitive and gave excellent results. 
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The top of the gage glass was connected by means of a cast-iron 
header to the throat of the venturi. This header had to be 
made extremely tight and was boiled in paraffin to close all 
pores. As finally used, this gage was able to hold a 28-in. vacuum 
overnight. Connections to all gages were made with '/,-in. cop- 
per tubing and Dole compression fittings. Valves and vent 
valves on the gages were '/;-in. Dole needle valves. A water 
column 10 ft high made of !/:-in. glass tubing was used as a 
calibrating device for the gages. 

The specific gravity of the mereury was first checked by finding 
the deflection of the mercury manometers as compared to a given 
height of water column. This varied slightly from day to day 
due to changes in temperature. 

The downstream valve was opened up as wide as possible and 

the flow regulated by the valve 
upstream. It was found that 
as the quantity of water passing 
through the meter increased, 
the absolute pressure at the 
throat of the meter decreased 
. to a certain point when it be- 
came constant no matter how 
much the velocity of the water 
at the throat was increased. 
This then should be the vapor 
pressure of the water. How- 
ever, this pressure was always 
between 2 and 3 in. of water 
lower than the vapor pressure 
shown by the steam tables for 
‘ water at the temperature used 
in the tests. 
; The water used in the tests 
was obtained from a well and 
it was found to be fairly hard. 
It was decided then to find 
the vapor pressure of the water. 
This was done by means of a 
static water column connected 
to a bottle and connected in 
turn to an aspirator, as shown in Fig. 3, forming a water barome- 
ter. This procedure gave a vapor pressure for the water which 
corresponded exactly with the minimum pressure found in the 
venturi meter. In order to check this method of determining 
vapor pressure, distilled water was placed in the bottle and 
gage connections, and the experiment repeated. The vapor pres- 
sure found in this way agreed with the value given in the steam 
tables for water at the temperature which was being used. 

A series of runs was made with the discharge valve wide open 
and a second series with this valve partly throttled. For each 
series of runs, the pressure at the throat of the meter was pro- 
gressively lowered by adjusting the inlet valve, runs being taken 
at suitable intervals. As many points as possible were taken 
just before cavitation took place and also just after it had oc- 
curred. Also a number of runs were taken beyond the cavita- 
tion point. For each run, the pressures at the entrance to the 
meter, the throat of the venturi, and the exit from the instrument 
were read as nearly as possible at the same time. Since cavita- 
tion should begin at the upper wall of the throat rather than at 
the centerline, the heads were corrected to correspond to this 
point as a datum elevation. The observed data taken during the 
runs and the results of the tests are given in the appendix of the 
paper. Before the meter was cleaned out, no noticeable noise 
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Fig. 3 APPARATUS FOR FINDING 
Vapor PRESSURE 
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was produced when cavitation occurred, but after the greasy 
deposit on the walls had been removed, cavitation caused a con- 
tinual noise with periodic major disturbances causing a con- 
siderable variation in pressure at points 1 and 3, Fig. 2. This 
sound effect gives secondary evidence of the beginning of cavita- 
tion. 


CONCLUSIONS 


While the authors have no basis for asserting that the cavita- 
tion formula will satisfy all conceivable arrangements and condi- 
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tions, these experiments appear to answer the question of its 
validity, for the apparatus and conditions adopted, by confirming 
it. This was true for two different values of back pressure, show- 
ing that o remains constant and independent of the back pres- 
sure, in accordance with the theory. It was found that when 
dealing with hard waters, heavily charged with salts, the vapor 
pressure may be appreciably higher than that given for distilled 
water in the steam tables, and when applying the formula to un- 
known waters a small allowance should be provided in the value 
of H, to cover this factor. At least when using ordinary run-of- 
laboratory water free from abnormal air content, the formula 
appears to be perfectly satisfactory, without modification. 

In brief, these experiments give results entirely consistent with 
the cavitation principle as now generally applied. 
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Appendix 
Osservep Data Taken To DeterMINE Cavitation Limits Resutts or Tests To Determine Cavitation Limits 
-——Gage No. 1—~ -—Gage Ho. -——Gage No. 3——. Run Hp Hp: Hp: Hps Hp — Hm Ho — H, 
g ht 
Run Col Col Hg below Col Col No. ft gage ft gage ft abe ftgage Hp Hp ed 
No. 1 2 Net col datum 1 2 Net 0.484 0.884 12.590 
1 3.00 10.64 7.64 40.48 134.1 3.34 5.06 1.72 3 = 
2 2. 1.42 8.76 45.66 134.0 3.70 6.20 2.50 4 4.910 —24.971 8.738 1.299 0.879 9.431 
3 2.94 14 11.26 51.46 134.2 3.32 7.10 3.78 5 6.460 —27.440 6.2 2.308 0.878 8.440 
4 2.76 14.36 11.60 53.54 134.2 3.80 7.32 3.52 6 6.734 —28. 520 4.970 2.534 0.881 8.355 
5 3. 18.04 15.60 59 134.4 3.36 9.18 5.82 7 6.959 —29. 562 4.147 2.416 0.876 7.742 
6 ay 18.54 15.74 62.12 134.3 3.80 9.36 5.56 8 8.070 —30.335 3.3 3.152 0.872 7.297 
7 2.52 18.74 16.22 64 134.4 3. 9.64 6.04 9 7.925 —31.492 1.998 2.916 0.873 7.082 
8 2. 21.58 18.78 66 8 134.5 3.32 11.04 7.72 10 7. —32.031 1.678 2.894 0.875 7.174 
9 2.72 21.14 18.42 69.32 134.4 3.64 10.86 7.22 11 9.616 —32.615 1.078 4.251 0.873 6.894 
10 2.40 20.66 18.26 70.64 134.5 3.54 10.66 7.12 12 12.199 —32.777 0.916 5.336 0.847 5.547 
11 2.74 25.00 22.26 72.10 134.6 3.20 13.40 10.20 13 12.351 —32.756 0 4.388 0.823 4.665 
12 2.60 30.68 28.08 72.50 134.6 3.20 15.94 12.74 14 14.037 —32.756 0.937 4.630 0.799 3.972 
13 2.20 30.56 28.36 72.40 134.6 3.48 13 10.48 15 16.213 —32.736 0.957 4.989 0.771 3.361 
14 2.60 34.72 32.22 72.45 134.6 3.12 14.18 11.06 16 18.674 —32.736 0.957 5.327 0.740 2852 
15 2.40 39.52 37.12 72.40 134.6 3.20 15.06 11.86 17 20.435 —32.736 0.957 5.701 0.723 2.608 
16 2.30 44.96 42.66 72.40 134.6 3.20 15.82 12.62 18 23.092 —32.736 0.957 6.190 0.697 2.303 
19 2.10 59.06 56.96 72.40 134.6 3.22 18.46 15.24 0.98; 0.008 5.088 
20 1.96 66.30 64.34 72.40 134.6 3.16 19.42 16.26 
Second Series—Discharge Valve Throttled Second Series —Discharge Valve Partly Closed 
1 2.90 22.10 19.20 42.00 134.1 3.50 15.04 11.54 1 8.277 —20.196 13.497 4.770 0.877 10.695 
2 2.76 27.00 24.24 50.62 134.2 3.44 18.34 14 2 10.515 —23.750 9.943 6.242 0.875 9.122 
3 2.16 27.88 25.72 62.86 134.: 3.44 17.52 os 3 11.174 —28.800 4.909 5.989 0.870 7.473 
4 2.56 34.88 32.32 63.34 134.4 3.36 23.48 20.12 4 14.102 —28.997 4.696 8.561 0.871 7.453 
5 2.50 40.32 37.82 68.08 134.4 3.30 26.92 23.62 5 16.554 —30.981 2. 10.207 0.866 6.738 
6 2.14 31.56 29.42 69.42 134.5 3.38 19.88 16.50 6 12.821 —31.528 2.181 7.064 0.870 6.917 
7 2.46 42.26 39.80 71.20 134.9 3.30 28.68 25.38 7 17.435 —32.2 1,222 10.990 0.870 6.757 
8 2.36 45.88 43.52 72.40 134.6 3.30 29.40 26.10 8 19.077 —32.736 0.957 11.219 0.848 5.594 
y 2.30 49. 47.20 72.40 134.6 3.30 31.18 27.88 9 20.711 —32.736 0.957 12.010 0.837 5.143 
10 2.10 59.82 57.72 72.40 134.6 3.20 35.90 32.70 10 25.383 —32.736 0.95 14.151 0.807 4.174 
11 2.00 67.78 65.78 72.40 134.6 3.18 37.74 34.56 1l 28.965 —32.736 0.957 14.977 0.773 3.411 


Nores on First TAaBLe 
Datum plane level = 45.87 cm above center line of venturi meter; gage 1 datum level = 61.35cem; gage 2 datum level = variable; gage 3 datum 


level = 61.58 cm; all readings in this table are average values; all readings are given in centimeters. 
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The Measurement of Air Flow 
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in Fan 


Inlet and Discharge Ducts 


By LIONEL S. MARKS,' CAMBRIDGE, MASS. 


This paper is devoted to a proposed method for deter- 
mining the volume of air handled by any fan which is pro- 
vided with either inlet or discharge ducts. The proposal 
is to use pitot tubes for capacities near the wide-open con- 
dition and square-edged inlet or discharge orifices for lower 
capacities down to the no-flow condition. To make the 
pitot-tube measurements accurate, a standard form of 
pitot tube is suggested, based on the investigations of 
Ower? and the unpublished researches of Merriam and 
Spaulding at Worcester Polytechnic Institute. The co- 
efficients of Ebaugh and Whitfield’ are suggested for use 
with inlet orifices, while those of Stach‘ are suggested for 
discharge orifices used with flange pressure taps on the 
approach side. The alternative procedure of using an 
impact tube with the discharge orifice is discussed, but 
coefficients are not as yet available. 


volume of air to be measured will vary from a maximum to 

zero, the variation being obtained by changing restrictions 
on either the inlet or the discharge side of the fan. The restric- 
tion may either be separate from the volume-measuring device 
or may be an essential part of it. 

The volume-measuring devices and restrictions which come un- 
der consideration are (1) the pitot tube, with independent restric- 
tions; (2) a single nozzle in the duct (duct nozzle) with independ- 
ent restrictions, or a series of nozzles used individually, acting as 
restrictions; (3) a series of inlet or discharge nozzles at the end 
of the duct, acting as restrictions; (4) an orifice in the duct (duct 
orifice) with independent restrictions, or a series of orifices acting 


1 Professor of Mechanical Engineering, Harvard University. 
Mem. A.S.M.E. Professor Marks was born in Birmingham, Eng- 
land. He received the degree of B.Sc. from the University of London 
in 1892 and M.M.E. from Cornell University in 1894. He was with 
the Ames Iron Works, Oswego, N. Y., in 1894 and then went to Har- 
vard University as instructor in mechanical engineering. In 1900 he 
was made assistant professor and in 1909 was advanced to his present 
position. Professor Marks is author of ‘Steam Tables and Dia- 
grams,” ‘‘Gas and Oil Engines,’’ ‘‘Mechanical Engineers’ Handbook,” 
‘The Airplane Engine,"’ and has contributed numerous articles to the 
technical press. 

?“The Measurement of Air Flow,’’ by E. Ower, Chapman and 
Hall, London, 1933; also, ‘‘The Design of Pitot-Static Tubes,’”’ by 
E. Ower and F. C. Johansen, Reports and Memoranda No. 981, 
Technical Reports of the Aeronautical Research Committee, August, 
1925, London, England. 

3 “*The Intake Orifice and a Proposed Method of Testing Exhaust 
Fans,”’ by N. C. Ebaugh and R. Whitfield, Trans. A.S.M.E., vol. 56, 
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é MAKING tests of fans with inlet or discharge ducts, the 


as restrictions; and (5) a series of inlet or discharge orifices, act- 
ing also as restrictions. 

No one of these devices is satisfactory for the complete range of 
operation of afan. The pitot tube will not give accurate indica- 
tions at low fan capacities; nozzles and orifices will not permit the 
investigation of a fan with wide-open discharge. When a large 
single nozzle or orifice is used (with supplementary restricting 
devices), it will not give accurate indications at low capacities; 
while if the single nozzle or orifice is small, it will not permit fan 
operation near the wide-open condition. 

As between nozzles and orifices, assuming that the coefficients 
of both are equally definite for stated conditions and that they 
have been determined with equal accuracy, the choice must fall 
on the orifice. In fan testing, the ducts may be as large as 10 ft 
diameter. Well-rounded nozzles of large size are costly and heavy. 
Other nozzle forms, fabricated from sheet metal, have been pro- 
posed, but they cannot be made inexpensively of any desired exact 
form and dimensions, and consequently their coefficients cannot be 
ascertained with accuracy. Moreover, they are heavier and more 
costly than orifices. The one advantage of a well-rounded nozzle 
is that its coefficient can be determined with sufficient accuracy by 
means of a traverse with a small impact tube. Such a nozzle is 
more nearly a primary standard for the measurement of large 
quantities of air than any of the other devices proposed. As such 
it may be used for the calibration of other measuring devices such 
as the orifice. When the coefficient of an orifice has been deter- 
mined by the use of a nozzle or other means, it becomes just as 
accurate as the nozzle and is much cheaper and more convenient. 

A duct orifice is practicable only for a single orifice because of 
the difficulty involved, and the time consumed, in changing orifices 
in a large-sized duct. A single orifice presents the disadvantages 
stated previously of having either low accuracy at low capacities 
or of preventing fan operation near the wide-open condition. 
Moreover, this method requires a considerable total length of 
duct. The only advantage of duct orifices over discharge orifices 
is that the coefficients for duct orifices have been well established 
by a number of investigators. 

There remains the use of a series of orifices either at the entrance 
to the inlet duct (inlet orifices) or at the end of the discharge duct 
(discharge orifices). This is the simplest and most convenient 
method of measuring air and is comparatively inexpensive. Its 
only disadvantage is that it is not applicable to measurements 
at or near the wide-open condition. . 

It would appear from this survey that two of the methods 
enumerated for measuring the flow of air in a fan duct have defi- 
nite advantages over all the other methods. The pitot-tube 
method can be made quite satisfactory at higher fan discharges, 
while the square-edged inlet or discharge orifice is equally satis- 
factory at lower fan discharges. A combination of the two meth- 
ods should permit accurate volume measurements throughout 
the whole range of fan operation. The author proposes, therefore, 
that in testing fans which are to be used with inlet or discharge 
ducts, the air measurements be made by a pitot-tube traverse at 
capacities approximately down to the capacity at maximum effici- 
ency and from there down, by square-edged orifices. Pitot-tube 
traverses should also be made while the two largest orifices are 
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in use so as to determine the accordance of the two methods of 
measurement. 

Before the proposed method can be used satisfactorily, it is nec- 
essary (1) to standardize the pitot tube and methods of using it, 
and to know its errors, and (2) to standardize the square-edged 
orifice and methods of using it, and to ascertain its coefficients 
under various conditions of use. 


STANDARDIZATION OF THE Pitot TuBE 


The desirable characteristics of a standardized pitot tube are 
(1) known coefficients, eliminating the necessity for calibration; 
(2) ease of duplication with ordinary machine-shop processes; 
(3) insensitivity to minor changes in form and dimensions; (4) 
static holes as near the tip as possible; (5) rigidity; and (6) small 
size. 

The features to be considered while designing such a standard- 
ized pitot tube are (1) diameters, thicknesses, and materials of 
the outer and inner tubes; (2) the shape of the impact tube; (3) 
the size of the impact opening; (4) the distance of the static 
holes from the tip; (5) the distance of the static holes from 
the stem; and (6) the size, number, and arrangement of the 
static holes. 

The researches of Ower and Johansen,? and the unpublished 
researches of Merriam and Spaulding at Worcester Polytechnic 
Institute give the necessary data for selecting a design. The two 
entirely independent investigations, covering to a large degree 
the same field, give results remarkably accordant and justify 
complete confidence in their reliability. 

The selection of diameters and thicknesses of the inner and outer 
tubes is arbitary. Adequate stiffness can be obtained for tra- 
versing ducts 3 or 4 ft across by making the outer tube of 0.04-in. 
thick brass (No. 18 gage), °/:s in. outside diameter, and the inner 
tube preferably of 0.0285-in. thick copper (no. 21 gage), !/s in. 
outside diameter. Other sizes may be used without affecting ac- 
curacy as long as geometrical similarity is maintained. 

The shape of the impact tube should preferably be hemispherical. 
A conical tip of proper design will give equally satisfactory results, 
but it is more liable to damage, increases the total length of the 
tube, and locates the static openings at a greater distance from 
the impact opening. 

The diameter of the impact opening is immaterial when the tube 
is directed accurately into the air stream, but has considerable 
influence on the impact readings under conditions of yaw. This 
is illustrated, for a hemispherical head, by the following tabulation 
taken from the work of Merriam and Spaulding at Worcester 
Polytechnic Institute: 


Ratio of impact opening to tube diameter..... 0.5 0.4 0.3 0.2 
Error in impact reading, per cent of velocity 
head, with 16-deg yaw ...............06. 3.3 4.5 6.0 8.5 


The velocity-head reading under conditions of yaw will vary 
with both the impact reading and the static reading. If the errors 
of both impact and static readings in yaw were of the same sign 
and magnitude, the errors would cancel and the velocity-head 
reading would be correct. This desirable condition cannot be 
realized by any known design of pitot tube. With an impact 
opening 0.2 times the diameter and with the static-hole design 
recommended later in this paper, the velocity-head readings 
vary less with yaw than when the impact openings are larger. 

If it is desired to find only the velocity or volume of the air 
flowing, an impact opening of 0.2 times the tube diameter should 
be selected. But in fan testing it is also necessary to find the 
work done on the air and this is proportional to the product of 
(1) the volume of air delivered, and (2) the impact pressure. An 
impact opening 0.2 times the tube diameter gives satisfactory 
values of the difference between impact and static pressures up to 
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12-deg yaw but gives larger errors in the values of the impact 
pressure, and of the work done on the air, than result from the use 
of an impact opening 0.4 times the tube diameter. This latter di- 
mension appears to be the best to select for fan testing. With an 
effective straightener to eliminate yaw, all sizes of impact opening 
would give the same indications. The depth of this opening has 
no influence on the impact reading. 

The variation of velocity head with yaw, and the error in the 
calculated work done on the air, with zero static pressure, for an 
impact opening 0.4 times the tube diameter (with stem-effect 
error included) is found to be: 


Error in velocity head, per cent... .. —0.8 —1. 
Error in work done, per cent....... 


The error in calculated work done on the air diminishes as the 
static pressure is increased, being halved when the static pressure 
is equal to the velocity head. 

The distance from the static holes to the tip of the tube, is made up 
of the length of the tip proper (conical or hemispherical portion) 
and a length of straight tubing between the tip proper and the 
static holes. The latter alone is found to have an influence on the 
static readings. This influence is considerable. The effect of the 
tip is to make the static reading less than the true static reading 
by an amount which depends on the length of straight tubing 
between the static holes and the tip, and on the velocity head. The 
error diminishes rapidly as the length of straight tubing increases, 
and becomes practically constant when this length is eight tube 
diameters. At this location the static-pressure reading is low by 
about 0.2 per cent of the velocity head according to Ower;? 
it is still smaller according to Merriam and Spaulding. This 
distance of eight tube diameters is indicated as desirable for the 
location of the static holes. 

The distance from the static holes to the stem has an important in- 
fluence on the static reading. According to Ower,? the presence 
of the stem increases the upstream static pressure as in the follow- 
ing tabulation: 


Distance of stem aft of static holes, in tube 


Excess pressure due to stem, in per cent of 


The investigations of Merriam and Spaulding show a slightly 
greater pressure excess. As this error cannot be eliminated with- 
out removing the stem to an impracticably great distance, and as 
the error changes very slowly after a length of 16 diameters, it 
seems desirable to select this length of 16 diameters for the dis- 
tance between the static holes and the stem axis. 

With the stem extending across the duct (which may be de- 
sirable for very large ducts) the static error has twice the value 
just given in the tabulation and, therefore, for a 16-diameter 
length, may be as much as 1 per cent of the velocity head. 

The number of static holes and their distribution around the tube 
is determined principally by the consideration that the degree 
and direction of yaw, for the air current being measured, will 
ordinarily be unknown. Consequently the static holes should be 
uniformly distributed around the tube and should be numerous. 
The logical development of this concept leads to a gap instead of 
a number of holes, as in the the Prandtl tube. The objection 
to the gap is that it reduces the rigidity of the tube and in prac- 
tice may lead to slight flexure at the gap. This would have the 
same effect as a burr and, while difficult to see, would materially 
affect the static reading. Eight holes with even spacing are sug- 
gested as a satisfactory compromise. If these holes are 0.04 
in. diameter, they will take away less than one-third of the tube 
material. 

The size of the static holes influences the static-pressure error 
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under yaw. Small holes (0.02 in. diameter) have the advantage 
of giving comparatively small errors in yaw but are likely to clog 
and yield static readings which under yaw conditions are very 
sensitive to changes in diameter. With holes 0.04 in. diameter, 
the following results were obtained by Merriam and Spaulding: 


Static error, per cent of velocity head....1.5 3.5 5.5 8.0 
Static error, including stem effect, per 


It is proposed for the purpose of achieving comparative insen- 
sitiveness to slight imperfections, that the static holes be made 
0.04 in. in diameter. One other feature is recommended. The 
inner tube should be maintained coaxial with the outer tube in 
the vicinity of the static holes. A spacing ring soldered to the 
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Fic. 1 Proposep STANDARD Pitot TuBE ror FAN TESTING 


copper tube will achieve this object. A pitot tube embodying the 
proposed features is shown in Fig. 1. 


SquaRE-EDGED ORIFICES 


The proposal to use square-edged orifices as a measuring device 
in fan testing is based upon the assumption that these orifices 
will always be comparatively large. If they are small, the condi- 
tion of the edge of the orifice may influence appreciably the coef- 
ficient of discharge. Orifices above 8 in. diameter (approximately) 
will give predictable coefficients of discharge when they are 
machined with ordinary care and all burrs are removed. For 
smaller orifices, greater care is necessary; when the diameter is 
as small as 1 in., the orifice coefficient will be found to vary con- 
siderably with the condition of the edge of the orifice in which case 
the nozzle is preferable. 

In addition to the minimization of the effect of edge sharpness 
when the orifice is large, there is the further fact that the coeffi- 
cient varies but little with orifice size when the size is considerable. 
The elimination of these two disturbing factors leaves the orifice 
coefficient a function of two factors only: (1) the Reynolds 
number, and (2) the ratio of orifice area to duct cross-sectional 
area. These factors are considered later. 


INLET ORIFICES 


Square-edged inlet orifices have been investigated recently 
by Ebaugh and Whitfield* for a 22%/,-in. duct with a 20 to 100 
per cent orifice-area ratio. Some earlier work by Watson and 
Schofield’ deals only with small orifices from '/; to 2 in. diameter 
and for very small orifice-area ratios and is not applicable to fan 


* “On the Measurement of the Air Supply to Internal-Combustion 
Engines by Means of a Throttle Plate,” by William Watson and H. 
Schofield, Proceedings of the Institution of Mechanical Engineers, 
May, 1912, pp. 517-552. 
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conditions. Both these investigations show discharge coefficients 
very close to 0.6. The volume of air flowing is based entirely 
upon the pressure drop at the orifice and this necessitates a 
choice as to the location of the pressure tap in the duct. The 
Ebaugh and Whitfield coefficients* are based on the location of 
the pressure tap in the plane of the vena contracta. 

The recent investigations of Stach,‘ using the I.S.A. form of 
square-edged orifice with flange taps and carried out on a 10-in. 
duct with orifice-area ratios of 0.25, 0.36, 0.49, and 0.64 give a 
constant value of the coefficient of discharge of 0.60 for Reynolds’ 
numbers in excess of 55,000. The accuracy of the coefficient is 
given by the following percentage tolerances: 


Orifice-area ratio............ 0.36 
Tolerance, per cent.......... +1.3 + 1.0 


0.49 0.64 
+0.5 + 0.5 
It would appear, using flange taps, that the coefficient of dis- 
charge is not quite constant and that the assumption of constancy 
leads to larger errors than are permissible at low orifice-area 
ratios. As a practical matter, it is desirable to have a definite 
location for the downstream pressure tap. Ebaugh and Whit- 
field? find that a location 40 per cent of the pipe diameter down- 
stream will permit the use of a constant coefficient of 0.601 
throughout a considerable range of orifice-area ratios with an 
error of less than 0.5 per cent for ordinary pressure drops. 

The large amount of research on pipe orifices cannot be con- 
sidered applicable to the conditions of an inlet or a discharge 
orifice. The bibliography of Ebaugh and Whitfield* does not 
include any investigations which actually apply to an inlet orifice 
of a size suitable for the testing of fans. While their work needs 
verification by others and extension to larger ducts, greater pres- 
sure drops, and smaller orifice-area ratios, it may be accepted for 
the present. 


DISCHARGE ORIFICES 


Square-edged discharge orifices have been investigated by 
Durley* up to 4'/; in. diameter for very small orifice-area ratios. 
by Muller? up to 2'/; in. diameter with large orifice-area ratios, 
and by Stach‘ for orifices from 5 to 8 in. diameter in a 10-in. duct. 

The work of Durley* and Miiller? does not cover the range of 
orifice sizes important in fan testing. The work of Stach‘ with 
I.S.A. orifices having flange pressure taps before the orifice, was 
for the same set of conditions as those stated previously, in the 
discussion of inlet orifices. The coefficients which Stach found 
are slightly lower than those for pipe orifices and vary with the 
orifice-area ratio m. The values are: 


.05 0.10 0.15 0.20 0.25 0.30 0.35 
Wake 0.598 0.602 0.608 0.615 0.624 0.636 651 
0.40 O45 0.50 0.55 0.60 0.65 0.70 
0.666 0.682 0.701 0.724 0.751 0.784 0.820 


These values are found to hold for Reynolds’ numbers FR in 
excess of the following values: 

0.36 0.49 0.64 
55,000 75,000 183,000 
The accuracy of these coefficients is given as + 0.8 per cent. 
They apply to the simple flow equation V? = 2gh; and include 
the correction for velocity of approach. 

The investigations of Stach* were made with a high degree of 
precision and his results apparently may be used with confidence. 

The Reynolds numbers for inlet and discharge orifices in fan 
tests will ordinarily be in excess of the limit set by Stach. The 


®‘*Measurement of Air Flowing Into the Atmosphere Through 
Circular Orifices in Thin Plates and Under Small Differences of 
Pressure,”’ by R. J. Durley, Trans. A.S.M.E., vol. 27, 1906, pp. 193- 
231. 

7 ““Messung von Gasmengen mit der Drosselscheibe,”’ by A. O. Miller, 
Zeitschrift des Vereines deutscher Ingenieure, vol. 52, no. 8, February, 
1908, pp. 285-290. 
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absolute viscosity u of air varies from 1.175 X 107° at 32 F, to 
1.51 X 107° at 212 F, in lb-ft-sec units, the variation being 
proportional to the temperature change. The Reynolds number 
is DV p/p, where D is the orifice diameter, ft; V is the velocity 
of air in the orifice fps; and p is the density of the air in lb per cu ft. 
At 70 F with standard air density of 0.075 lb per cu ft, p/u = 
6.05 X 10°. Assuming the lowest practical pressure drop through 
the orifice as 0.1 in. of water, which corresponds to an air ve- 
locity of approximately 21 fps, and assuming an orifice diameter of 
0.5 ft, the Reynolds number R = 0.5 X 21 X 6.05 X 108 = 6.35 X 
10‘. The conditions here assumed are those which would give the 
minimum value of R that is likely to occur in fan testing. It 
will be seen that Reynolds’ numbers for actual fan-test condi- 
tion generally will be in excess of Stach’s minimum for con- 
stant-discharge coefficients for square-edged orifices. Any 
doubtful case should be calculated. 

The weight or volume of air flowing through a discharge ori- 
fice may be determined either from observations of the drop of 
static pressure through the orifice or from impact-tube readings. 
In recorded investigations, only the pressure-drop method appears 
to have been used. It would seem, however, that the impact- 
tube method is as applicable here as it is for nozzles and that it 
has the same advantages.*® 

A traverse along the center line of the orifice shows that for 
orifices 8 in. diameter or larger, the impact reading is constant 
from the plane of the orifice to several inches out from that plane, 
and that it falls off slowly at increasing distances. Therefore, 
it is proposed that the impact tube be placed at a distance of 1 in. 
out from the plane of the orifice. 

The weight of air discharging from a square-edged orifice is 
given by the equation® 

w = 0.1145 c D? \/(GBi/T;) 


where w is the weight of air flowing, lb per sec; c is the coefficient 
of discharge; D is the orifice diameter, in.; B is the mean discharge 
pressure, in. of mercury; 7 is the impact pressure, in. of water; 
T; is the temperature of the air approaching the orifice, deg F abs; 
and G is the specific gravity of the air referred to normal dry air 
at the same pressure and temperature. The quantity B is pref- 


* Discussion by S. A. Moss of ‘“‘The Flow of Air and Steam Through 
Orifices,”” by H. B. Reynolds, Trans. A.S.M.E., vol. 38, 1916, p. 
833. 

* “Measurement of Flow of Air and Gas With Nozzles,” by S. A. 
Moss, Trans. A.S.M.E., vol. 49-50, part 1, 1927-1928, paper APM- 
50-3. 
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erably the mean of the static pressures on the two sides of the 
orifice, since this gives a somewhat greater constancy of coefficient 
of discharge than the use of the discharge (barometric) pressure. 
For small pressure drops it is immaterial which of these pressures 
is used; with a pressure drop of 1 in. of water the difference in 
weight of air flowing is only 0.125 per cent, and for a pressure 
drop, of 4-in. of water it will be 0.5 per cent. No coefficients are 
available at present for the determination of the volume of air 
flowing through a square-edged discharge orifice by means of 
an impact tube. 

A desirable form and method of assembly of the square-edged 
orifices is shown in Fig. 2. The orifices are made from !/;-in. 


Fig. 2. Form AND MeTHOD OF ASSEMBLING 
SquaRE-EpGEp ORIFICES 


steel plate and are provided with studs to facilitate assembly. 
The studs are round-headed machine screws, #/s in. diameter, 
threaded the whole length, and with the thread cut away in 
the immediate vicinity of the head. These screws are threaded 
into holes spaced 6 in. apart in the orifice ring; the holes 
are slightly countersunk on the entering side. If screwed up 
tight, the screws will act as studs. The studs are 1'/; in. from the 
orifice and are found to have no perceptible influence on the flow. 
A ring of hard packing such as vellumoid is shellacked on the 
back of each ring and the exposed face of the packing is graphited. 
A series of these orifices can be built from any desired maximum 
size, by steps of at least 4 in., down to any desired minimum size. 

As shown in Fig. 2, the orifice plate is tapered on both sides 
for a distance of */, in. from the orifice, with a slope of 1 in. in 
8 in., leaving a thickness of '/,. in. at the orifice. The purpose of 
this taper (which differs from the usual practice of having the 
approach side of the orifice flat and only the discharge side tap- 
ered) is to have an arrangement which will work equally well 
both for inlet orifices and discharge orifices. The justification is 
experimental. The author has investigated large orifices which 
were identical except that one was tapered, as in Fig. 2, and the 
other made in the usual manner with a flat approach side. The 
coefficients for orifices of this type are slightly higher than for 
the standard type. 
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The Definition of the Quantity-Head 


Characteristic of Fans 


By M. C. STUART! ano W. E. SOMERS,? BETHLEHEM, PA. 


The purpose of a fan characteristic is to delineate usetul 
information regarding the performance of a fan in its 
installation. Specifically, the quantity-head characteris- 
tic shows the quantity of air delivered against a certain 
resistance in the intended installation. The authors dis- 
cuss the set up of four basic arrangements of fan types and 
installations, and describe three currently used fan-head 
definitions. The definitions of fan head are evaluated, the 
fan head being defined as the discharge static head minus 
the inlet total head. A primary arrangement of each type 
of fan is described and a single primary quantity-head 
characteristic for each type of fan is defined. If a fan is 
installed in any arrangement other than its primary one, 
the primary characteristic cannot be assumed to apply, 
but a separate test must be conducted to determine its 
characteristic in its intended arrangement. Results of 
complete tests of a fan installed in its four possible ar- 
rangements are given to illustrate the principles which are 
set forth. 


HE purpose of a fan characteristic is to delineate useful 

information regarding the performance of a fan in its 

installation. Specifically, the quantity-head characteris- 
tic shows the quantity of air which will be delivered against a 
certain resistance in the intended installation. 

In general, it may be stated that for a given fan there does 
not exist a single easily defined relationship between the quan- 
tity of air discharged and the head produced by the fan. The 
two circumstances accounting for this situation are (1) the lack 
of agreement upon a definition of the term “head” as applied 
to fan performance, and (2) the performance of a given fan is 
influenced markedly by the different arrangements required in 
various applications. 


1 Professor of Experimental Mechanical Engineering, Lehigh Uni- 
versity. Mem. A.S.M.E. Chairman, Subcommittee on Fans, 
Power Test Code Committee No. 10. Professor Stuart was gradu- 
ated from the University of Pennsylvania in 1909 with a B.S. degree 
in mechanical engineering and received his mechanical-engineer’s 
degree in 1926. Since graduation he served as instructor at Rens- 
selaer Polytechnic Institute; assistant steam engineer with the 
Cambria Steel Company; mechanical engineer at the U. S. Naval 
Engineering Experiment Station, Annapolis, Md.; professor of me- 
chanical engineering at the U. S. Naval Postgraduate School; and 
since 1926 has served in his present capacity at Lehigh University. 

2? Formerly Balwin Research Fellow, Lehigh University. Jun. 
A.S.M.E. Mr. Somers was graduated from Lehigh University with a 
B.S. degree in mechanical engineering in 1933, and received his 
master’s degree in 1935. He was selected for fellowship on gradua- 
tion and has continued in that position for the past two years. At 
present he is employed as a cadet engineer with the Babcock and Wil- 
cox Company, Barberton, Ohio. 
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Centrifugal and Turbo-Compressors and Blowers for presentation 
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until January 10, 1936, for publication at a later date. 
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understood as individual expressions of their authors, and not those of 
the Society. 


DeEscRIPTION OF Basic FAN ARRANGEMENTS 


An investigation of the different ways in which the arrange- 
ment of a fan in its application may affect the quantity-head 
characteristic reveals that four basic installation arrangements 
cover all cases. Before describing these basic arrangements the 
fan must be defined. 

Prof. L. 8. Marks in a series of papers* has shown that inlet 
boxes and other attachments at the inlets and outlets of fans have 
considerable effect on the performance of the fan in certain 
cases. Therefore, it is necessary in defining the fan to include not 
only the housing, but to have a definite understanding as to 
what attachments, such as inlet boxes, diffusers, mounting 
rings, flanges, dampers, etc., shall be considered as part of the fan. 
Having an understanding of what constitutes the fan, the four 
basic installation arrangements which are required to cover the 
various applications may now be developed. These basic in- 
stallations are shown in Fig. 1 as arrangements A, B, C, and D. 

Arrangement A—Bare Fan. In this arrangement there are no 
ducts attached to the fan; the intake is from one large space or 
room and the discharge is into another large space. This arrange- 
ment is that usually thought of in applications of propeller fans, 
although it is equally applicable to any housed fan. It may alter- 
nately be referred to as a wall installation. 

Arrangement B—Blower. This arrangement consists of a fan 
installation with intake direct from a large space or room but 
discharging into a duct. This is the usual blower arrangement 
and is applicable whether the blower is of the centrifugal or the 
propeller type. 

Arrangement C—Booster. This arrangement provides an in- 
take through a length of duct and a discharge from the fan into a 
discharge duct. This arrangement is applicable to propeller 
as well as centrifugal-type fans thus installed. 

Arrangement D—Exhauster. In this arrangement the intake 
is through an inlet duct but the air is discharged directly into a 
large space. It is applicable to all types of fans thus instalied. 


Heap DEFINITIONS 


Velocity Head he. The definitions of heads may be more 
readily understood if it is recognized that all heads represent 
essentially energy per pound of fluid. The velocity head at any 
point in the system, if expressed in feet of the fluid flowing, is the 
kinetic energy per pound of fluid at that point. This head ex- 
pressed in inches of water is proportional to the kinetic energy 
by a factor involving the ratio of the density of water to that of 
the fluid flowing. In this investigation the velocity heads at the 
specified points in the inlet and discharge ducts were calculated 
from the quantity flowing, as measured by a nozzle installed 


3 “Influence of Inlet Boxes on the Performance of Induced-Draft 
Fans,”’ by L. S. Marks and E. A. Winzenburger, Trans. A.S.M.E., 
vol. 54, 1932, paper FSP-54-16, pp. 213-220. ‘Influence of Bends 
in Inlet Ducts on the Performance of Induced-Draft Fans,” by L. S. 
Marks, J. Lomax, and R. Ashton, Trans. A.S.M.E., vol. 55, 1933, 
paper FSP-55-9, pp. 133-143. ‘‘Influence of Bends or Obstructions 
at the Fan Discharge Outlet on the Performance of Centrifugal 
Fans,” by L. S. Marks, J. H. Raub, and H. R. Pratt, Trans. 
A.S.M.E., vol. 56, 1934, paper FSP-56-12, pp. 767-771. 
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TABLE 1 UANTITY-HEAD CHARACTERISTICS FOR THE 
INSTALLATION ARRANGEMENTS IN FIG. 1 
Installation Fan total static head—-—~ 
arrangement head, Hr Ist def., Hs 2nd def., H’s 
A—Bare fan HTA = HSA = H’'SA 
B—Blower HTB Hsp = H’'SB 
C—Booster HTc Hsc H'sc 
D—Exhauster HTD = Hsp H’'sD 
Norse: Characteristics Hra, HsA, and H’ga can be represented by a 
single curve. Characteristics Hsp and H’sB can be portrayed by a single 
curve. Characteristics HTD and Hsp can be portrayed by a single curve. 


A separate curve is required for each of the following characteristics: HTB, 
Hrc, Hsc, H'sc, and H’sp. 


~ BARE FAN ARRANGEMENT A. 


NEITHER INLET NOR DISCHARGE DUCTS. 


=| 
BLOWER ARRANGEMENT 


WITH DISCHARGE DUCT BUT NO INLET DUCT. 


As, ha 
BOOSTER ARRANGEMENT C. 
_WITH BOTH INLET AND DISCHARGE DUCTS. 
d 


EXHAUSTER ARRANGEMENT D. 


WITH INLET ODUCT 


Fic. 1 Bastc ARRANGEMENTS OF FAN INSTALLATIONS 


elsewhere in the system, and a knowledge of the duct area at the 
points in question. 

Static Head hs. Static head, if expressed in feet of the fluid 
flowing, is the work required per pound to cause the fluid to move 
against the pressure measured, in fan work, above atmosphere. 
This static head is equal to the product of the pressure above 
atmosphere and the specific volume of the air. It has been 
variously named pressure energy, flow work, displacement en- 
ergy, and pressure head. This head, if expressed in inches of 
water, is proportional to the pressure energy by a factor involving 
the ratio of the density of water to that of the fluid flowing. In 
this work the static head was determined by observation of the 
static-pressure gages attached at the specified points. 

Total Head hh. The total head at a point in the system is the 
sum of the pressure energy and the kinetic energy, both measured 
at the point in question. If this head is expressed in inches of 
water, it will be proportional to this sum of energies. 

In fan performance we are concerned with certain changes in 
energy that the fan produces for a given discharge. These in- 
creases in energy are the differences between the corresponding 
heads at the discharge and the inlet. These differences in head 
will be called the “fan heads,” represented by the general symbol 
H, as distinguished from h, which is the symbol for the head at a 
certain point. 

Of the several possible fan heads which may be obtained from 
various differences between the inlet and discharge heads, only 
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three have been considered of value in fan work. These three 
are defined in the following paragraphs. 

Fan Total Head. Fan total head is the total head at some 
specified plane on the discharge side of the fan minus the total 
head at some specified plane on the inlet side. It can be ex- 
pressed as 


where Hy, is the fan total head, h,, is the discharge total head, 
and h,,; is the inlet total head. 

Fan Static Head—First Definition. The first definition of fan 
static head stipulates that this head is equal to the discharge 
static head minus the inlet total head, or 


Hg = hy — hus 


where Hg is the fan static head as given in this first definition, 
h,, is the discharge static head, and h,; is the inlet total head. 

Fan Static Head—Second Definition. The second definition 
of fan static head stipulates that this head is equal to the dis- 
charge static head minus the inlet static head, or 


H's = ha — hy 


where H’g is the fan static head as given in this second defini- 
tion, h,, is the discharge static head, and A,, is the inlet static 
head. 

With three definitions for fan head and four necessary arrange- 
ments to cover various applications, it appears that there are 
twelve possible quantity-head characteristic curves to com- 
pletely cover the performance of a fan which has mounting flanges 
for inlet and discharge ducts, thus permitting it to be installed 
in any one of the four basic arrangements. However, twelve 
tests and as many corresponding curves are not required to 
determine and portray these characteristics. 


Tue Fan TEsts 


In order to determine how the characteristics vary for the 
different arrangements, a fan was set up and tests conducted for 
all four basic arrangements, and the twelve characteristics com- 
puted. These characteristics are analyzed, both to evaluate 
their practical utility, and to determine the minimum number 
and character of the tests required to establish those charac- 
teristics which are considered to be of value. This leads to a 
definition of the quantity-head characteristic. 

The tests were run on a single-inlet Clarage exhauster having 
forward-tilting blades. The inlet and discharge openings were 
both 9 in. in diameter. The fan was driven through a flexible 
coupling by a squirrel-cage induction motor of 1800 rpm syn- 
chronous speed. 

The inlet and discharge ducts used were 9 in. in diameter and 
made of sheet metal, the joints being riveted and soldered to 
make them airtight. The inlet duct was 6 ft, or 8 diameters, 
long and the discharge duct was 10 ft, or about 13.5 diameters 
long. Brass bosses, drilled and tapped for 1/s-in. pipe, were 
soldered on each duct for the static-pressure taps at points three- 
quarters of the duct length from the duct inlet. All burrs were 
removed from the edges of the static tap holes in the ducts. 

All flow measurements were made with a 260-mm 1912 V.D.I. 
nozzle, using a coefficient of 0.97, placed at the outlet of a large 
test chamber 28 ft long and 33 in. in diameter. When the dis- 
charge duct was connected to the fan, the air was discharged 
from the duct into this test chamber, the control of the flow being 
made by means of a series of throttle plates inserted at the 
connection between the duct and the chamber as shown in 
arrangement B of Fig. 2. When no discharge duct was used the 
fan discharged directly into this test chamber as shown in ar- 
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rangement A of Fig. 2. Flow control was then effected by means 
of a multihole throttle plate inserted 10 ft downstream in this 
chamber. This plate also acted as a screen to straighten the 
flow for the nozzle approach. 

In order to produce the four basic installation arrangements 
with the equipment described, it was set up as follows in the four 
test arrangements shown in Fig. 2. 

Test Arrangement A—Bare Fan. The fan intake was directly 
from the room, and the discharge was directly into the test 
chamber. 

Control of flow was effected by means of the multihole throttle 
plate 10 ft downstream in the test chamber. 

Test Arrangement B—Blower. Intake was directly from the 
room, and the discharge was made through a discharge duct 
from which the air passed into the test chamber. The multihole 
throttle was removed, the chamber acting only as a device for 
smoothing the approach to the nozzle. Flow was controlled 
by means of the series of throttle plates at the point where the 
duct joins the test chamber. 

Test Arrangement C-——Booster. The intake was from the 
room through an inlet duct, and the discharge was through a dis- 
charge duct from which the air passed into the test chamber. 
Flow was again controlled by the series of throttle plates at the 
end of the discharge duct. 
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Fie. 2. Fan Test [INSTALLATIONS OF Basic FAN ARRANGEMENTS 


Test Arrangement D—Exhauster. The intake was again from 
the room through an inlet duct and the discharge was directly 
into the test chamber. The multihole throttle plate was used 
for flow control. 

The inlet static head was measured, when required, by means 
of an inclined draft gage, read to 0.005 in. of water. The dis- 
charge static head was measured by a vertical U-tube water 
manometer. The velocity heads at the points at which the static 
heads were measured were calculated from the flow measured by 
the nozzle and the areas of the ducts at these points. When the 
fan discharged directly into the test chamber, the discharge 
pressure was read at a point 33 in. upstream from the throttle 
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plate, or 2.7 chamber diameters after the discharge into the 
chamber. The nozzle differential was measured by means of an 
inclined-tube draft gage read to 0.001 in. of water. All draft 
gages were calibrated by means of a hook-gage manometer. Cor- 
rections were made to standard density, 0.07488 lb per cu ft, 
and to the fan speed of 1800 rpm. No measurements were 
made of power, since the scope of the investigation was limited 
to the study of the quantity-head characteristics. 

Tests were conducted, giving six points, evenly distributed, 
on each characteristic curve for each of the four basic arrange- 
ments. 


ANALYSIS OF DaTA 


Fig. 3 shows the 12 quantity-head characteristics obtained from 
this fan by applying the three definitions of fan head to the four 
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Fie. 3) Quantity-HEAD CHARACTERISTICS OF AN EXHAUSTER 
Fan 


basic arrangements. The upper four curves are the total-head 
characteristics, while the lower group of curves are the static-head 
characteristics. These curves show the striking differences which 
exist between the characteristics for the different arrangements 
and for the various definitions of fan head. These differences 
show vividly the necessity for a very careful analysis of the defini- 
tion of the quantity-head characteristic of fans. This is es- 
pecially appreciated when it is recognized that these diverse 
curves represent results which may be obtained for a single fan by 
use only of definitions and arrangements which occur commonly 
in practice. 

Before presenting a detailed analysis of the characteristics for 
each basic arrangement, a general principle will be stated relative 
to the places at which heads are measured or expressed. In any 
arrangement or definition, heads existing at the inlet must be 
measured at some specified plane on the inlet side, and heads at 
the discharge must be measured at some specified plane on the 
discharge side. On the discharge side of a blower for example, a 
procedure of adding heads measured at two different places on 
the discharge side is utterly untenable. The discharge total 
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head must be obtained by adding velocity and static heads, 
both measured at the same plane. This principle has been violated 
unfortunately, on occasion, in practice. 

In arrangements where ducts are applied at the fan inlet or 
discharge, the heads are to be measured in the duct at a plane so 
located that the flow conditions have some measure of stability 
and uniformity. Where no duct is applied, the plane for head 
measurement may not be directly at the entrance to or exit from 
the rotor, because the uncertain flow conditions render impossible 
either the measurement or computation of heads at these places. 
The heads must be measured in these cases, at planes sufficiently 
removed from the fan inlet or discharge such that the kinetic 
energy at these planes is sensibly zero. In these circumstances 
the total head equals the static head. 

Having established the places at which heads must be meas- 
ured, indicated at i and d in Fig. 1, we may now proceed with 
the analysis of the characteristics as obtained for each basic 
arrangement. 
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Arrangement A. It is recalled that arrangement A is for the 
bare fan, of either propeller or housed type, with no inlet or dis- 
charge ducts attached. The inlet total head, measured at i, 
Fig. 1, is equal to the inlet static head since the velocity head is 
sensibly zero at the plane of head measurement. The discharge 
total head, measured at d, is likewise equal to the discharge static 
head. Therefore, the single characteristic curve, shown in Fig. 4, 
represents the quantity-head characteristics of arrangement A 
for all three definitions of fan head. 

Arrangement B. In arrangement B, which has a discharge 
duct but no inlet duct, the inlet heads are determined in open 
space at a plane i, Fig. 1, and the discharge heads are measured 
in the discharge duct at a planed. The inlet static head will be 
equal to the total head. The discharge total head will be greater 
than the discharge static head by the amount of the discharge 
velocity head, all measured at planed. This difference will cause 
the total-head characteristic to be higher than the static-head 
characteristic by the discharge velocity head, as shown in Fig. 
4. However, the two definitions of fan static head give the same 
characteristic curve. 

Arrangement C. As shown in Fig. 1, both inlet and discharge 
ducts are used in arrangement C. Therefore, the inlet heads are 
to be determined in the inlet duct at a plane 7, and the discharge 
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heads are to be determined in the discharge duct at a plane d. 
The inlet total head is greater than the inlet static head by the 
amount of the inlet velocity head. The discharge total head is 
greater than the discharge static head by the discharge velocity 
head. These circumstances cause the static-head (first defini- 
tion) characteristic to be lower than the total-head characteristic 
by the discharge velocity head, as shown in Fig. 4. The second 
definition of fan static head is equivalent to adding the inlet 
velocity head to the fan head obtained by the first definition. 
This would, in general, make necessary three distinct char- 
acteristic curves applying to this arrangement. For this par- 
ticular fan, however, the inlet velocity is the same as the dis- 
charge velocity, since the two ducts are of the same area. This 
makes the characteristic curve obtained by the second defini- 
tion of fan static head coincide with the characteristic obtained 
by use of the fan total head. 

Arrangement D. In arrangement D, it is recalled that there is 
an inlet duct but no discharge duct. The inlet heads are deter- 
mined in the inlet duct at a plane i, while the discharge heads are 
measured at plane d, in open space at a distance sufficiently re- 
moved from the fan outlet that the velocity head is sensibly zero. 
The inlet total head and inlet static head, measured at plane :, 
differ by the inlet velocity head. The discharge total head is 
identical with the discharge static head, both measured at plane 
d, since the discharge velocity head is zero. Thus, the total- 
head characteristic and the static-head characteristic given 
by the first definition of fan static head will coincide, while the 
static-head characteristic given by the second definition of fan 
static head will be greater than these two by the inlet velocity 
head. 

The various quantity-head characteristics for the four basic 
installation arrangements present the differences and equalities 
summarized in Table 1. It is seen from this table that a total of 
eight curves is required for the three head definitions and for the 
performance of fans arranged in the four basic installations shown 
in Fig. 1. 

CHARACTERISTICS OF VARIOUS FAN 


The foregoing analysis applies to fans provided with mounting 
flanges for inlet and discharge ducts, and thus adaptable to four 
possible installation arrangements. All fans do not have flanges 
to receive inlet and discharge ducts, however, and are thereby 
subject to certain limitations. The possible installation arrange- 
ments, the required test arrangements and the resulting char- 
acteristic curves for various fan types may now be established. 

All fans may be classified under the four following types: 

1 Fans with no mounting flanges for inlet or discharge ducts. 
Wall-type propeller or disk fans are frequently of this type. 

2 Fans with no inlet-duct mounting flanges, but with dis- 
charge-duct mounting flanges. This is the common blower-type 
fan. 

3 Fans with mounting flanges for both the inlet and dis- 
charge ducts. 

4 Fans with inlet-duct mounting flanges, but no discharge- 
duct mounting flanges. 

A wall-type propeller fan which is provided with no connec- 
tions for ducts must be classified under type-1. It must be 
tested under arrangement A, and since this arrangement provides 
the only possible method for mounting such a fan, the single 
characteristic curve fully defines its performance. 

A usual-type blower, having flanges for mounting only a dis- 
charge duct, is an example of type-2. The performance of this 
type fan for all its possible installation arrangements can be 
defined fully by three characteristic curves determined under test 
arrangements A and B. 

Table 2 presents for each type of fan (a) all possible installa- 
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TABLE 2, NUMBER OF ARRANGEMENTS, CHARACTERIS- 
TICS, AND SN ee FOR VARIOUS FAN 


_ Possible Necessary Number 
installation _ test of char- Number of curves 


; arrange- arrange- acteris- Per Per 
Fan type ments ments tics instal. type 
1 No ductse........ A A 3 1 1 
2 With discharge-duct | * A 3 1) . 
flange only....... B 2} 
(A A 3 1) 
3 With flanges for B B 3 2 
discharge and inlet 8 
\D D 3 2} 
4 With inlet-duct {A A 4 1) 
flange only....... D D 3 


tion arrangements, (b) the corresponding necessary test arrange- 
ments, (c) the number of characteristics possible for each in- 
stallation arrangement, (d) the number of curves required to por- 
tray the characteristics for each installation arrangement, and 
(e) the total number of curves required to portray all the char- 
acteristics possible for a given type of fan. The most significant 
deduction to be made from Table 2 is that from one to eight 
curves are required to portray the possible characteristics for 
the various fan types. It must be remembered that these char- 
acteristics are in strict accordance with the three currently used 
definitions of fan head as applied to the installation arrangements 
for which each type is adaptable. 


DEVELOPMENT OF FAN-HEAD DEFINITION 


The purpose of a fan characteristic is to delineate useful and 
direct information regarding how the fan wil! perform in its in- 
stallation. Specifically, the quantity-head characteristic shows 
the quantity of air which will be delivered against a certain re- 
sistance in the intended installation. It now becomes neces- 
sary to evaluate the three fan-head definitions to discover 
which of these truly contribute useful information toward this 
objective. 

The fan-head definitions are each made up of various combina- 
tions of static and total heads at inlet and discharge. Let us first 
dispose of the heads on the inlet side. It will be shown that the 
only head on the inlet side which contributes a useful function 
in defining the fan characteristic is the total head. 

Referring to the arrangement with no inlet duct, Fig. 5, let the 
inlet total head be measured at some point P at a distance from 
the fan inlet, the velocity being negligible at that point. Then 
let the static and velocity heads be measured at a point Q very 
close to the fan inlet, no inlet duct being used. At point P all of 
the energy is in the form of static-head or pressure energy. There 
are practically no losses in energy in the air in flowing from P to Q. 
The gain in kinetic energy at Q is at the expense of the pressure 
energy atQ. Expressed as a simple relation 


hyp = hyp + 


Now let an ideal inlet duct (no inlet or wall-friction losses) be 
attached tothe faninlet. Let P be located outside the duct, again 
at a point of negligible velocity, and let Q be located inside the 
duct. Under these circumstances we again find that the total 
head remains constant from P to Q regardless of the kinetic-energy 
increase at Q. Thus, the fan, either without any inlet duct or 
with an ideal inlet duct, does not add any energy to the air before 
the air actually enters the fan rotor. This is counter to some 
current conceptions. For example, a fan draws air from the 
atmosphere. Then at point P, the total head and static head are 
both zero. At point Q the sum of the static and velocity heads 
are also zero. Any kinetic energy which the air possesses at fan 
inlet was not produced by the fan, but at the expense of a corre- 
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sponding decrease in pressure energy in the air stream. The fact 
is, that any energies existing at the fan inlet are supplied to the 
fan and not by the fan. 

The ideal inlet duct is now replaced by an actual inlet duct. 
Because of the inlet and wall-friction losses the total head at Q 
will now be less than at P. The energy which goes to the fan 
at the fan inlet is still exactly and only the total energy in the air 
at the inlet, regardless of losses or other conditions which exist 
up to the fan inlet. The conclusion is that in any definition of 
fan head, we must debit to the fan the energy supplied to the fan 
by the air at the fan inlet. This energy supply is the inlet total 
head and is equivalent to h,, for fans without inlet ducts, and to 
(hy + h,;) for fans with inlet ducts. 


NO INLET DUCT 


P 
IDEAL INLET DUCT 
P 
he Q 


ACTUAL INLET DUCT 


Fig. 5 Heaps at INLet To Fan 


This eliminates the second definition of fan static head used 
throughout this paper, which erroneously credits the fan with the 
inlet velocity head. 

Let us now consider the heads at the discharge side of the fan. 
In general, the resistance of the external system into which the fan 
discharges air is overcome by the energy of the discharge pres- 
sure. The only way by which the discharge kinetic energy of the 
air may have utility in overcoming resistance is by the introduc- 
tion of a diffuser which converts kinetic energy into pressure 
energy. If the diffuser is applied at the fan discharge it should 
be considered as part of the fan and the discharge static head 
which is measured in this case would include the recovered 
kinetic energy at the fan outlet. If, on the other hand, the 
diffuser is installed at some point in the external system, it be- 
comes a part of that system and any conversion of energy made 
by use of the diffuser cannot be properly credited to the fan. 
The authors, therefore, propose that in defining the fan head the 
discharge velocity head be entirely disregarded and the dis- 
charge static head only be used. 

Consider two fans X and Y, having equal discharge total 
energy for equal quantity discharged, but fan X having a much 
larger portion of kinetic energy. These fans are not of equal 
utility for purposes of overcoming resistance. The purposes of 
factors such as good housing design and large outlet area are to 
convert kinetic energy to pressure energy. In most cases, if 
not in all cases, the fan should not be credited with unconverted 
kinetic energy. 

We are now in a position to develop a definition of fan head. 
The fan head which gives the most useful information regarding 
fan performance in its installation is one which measures the 
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energy increase from the energy level of the air at the fan inlet 
to that energy level at the fan discharge which is directly usable, 
that is, without further conversions, in an external system. We 
have shown that at the fan inlet, the fan must be debited with 
both the pressure and kinetic energy existing there, while at the 
discharge of the fan, only the pressure energy may be properly 
credited to the fan. 

The foregoing requirements for a fan-head definition are met 
precisely by the first definition of fan static head used throughout 
this paper. Specifically, the fan head to be used in the quantity- 
head characteristic is defined as the discharge static head minus the 
inlet total head. In arrangements which have discharge ducts, 
the discharge static head is measured in the duct at a specified 
plane so located that the flow conditions have some measure of 
uniformity. In arrangements without discharge ducts, the dis- 
charge static head is measured in the space into which the fan 
discharges. In arrangements which have inlet ducts, the inlet 
static and velocity heads are measured in the inlet duct at a 
specified plane so located that the flow conditions have some 
measure of uniformity. In arrangements without inlet ducts the 
inlet total head is the static head measured in the space from 
which air is supplied to the fan. 


TABLE 3 NUMBER OF 
TICS AND CURVES FOR VARIOUS FA ASED 
ON STANDARD DEFINITION OF PAN 


Possible Necessary Number 


installation test of char- Number of curves 


arrange- arrange- acteris- Per Per 
Fan type — ments tics instal. type 
1 No ducts........ A 1 1 1 
2 With A 1 1 2 
flange only....... B 1 : 
A A 1 1 
3 With flanges for 
discharge and in- 4 
let 1 1 
D D 1 1 
4 With inlet-duct {4 A 1 1 } 2 
flange only....... D D 1 1 


Using this definition of fan head, the complete schedule of 
fan types is given in Table 3, with all possible installation arrange- 
ments and corresponding necessary test arrangements, and the 
number of characteristics and curves required to completely 
portray the performance of each fan type. 

From Table 3, it may be seen that for type-1, only one char- 
acteristic is possible, while for type-3, four characteristics and 
four curves are necessary to cover the four possible installation 
arrangements. The fan classified as type-3 is reported upon in 
this paper, the four characteristic curves being the four lower 
static-head characteristics shown in Fig. 3. Incidentally, the 
discharge velocity head, which is not included in the fan head, 
may be conveniently and usefully portrayed by plotting h» vs Q, 
as shown in Fig. 3. This curve is identical for all possible ar- 
rangements which have discharge ducts, depending as it does 
only on the quantity discharged and the area of the discharge 
duct. 


QuantTiITy MEASUREMENT 


A word need be said as to the measurement of the quantity 
term in the quantity-head characteristic. First, it should be 
recognized that by no means must the quantity be measured 
at the point at which a head is measured. The quantity may be 
measured at any convenient place in the system. Further, de- 
pending upon the test arrangement indicated for the particular 
cases, various acceptable methods of quantity measurement 
become more convenient and economical. The pitot tube, 
nozzle, and orifice are among the acceptable methods of measure- 
ment of air quantities in fan testing. Conditions of accuracy 
of these methods are under continual study by experimenters, 
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and are eventually set forth in codes. In arrangements without 
inlet or discharge ducts, the use of nozzles or orifices in the walls 
of a large test chamber becomes an accurate, convenient, and 
economical method. In arrangements using small inlet or dis- 
charge ducts, nozzles or orifices at the entrance to inlet ducts or 
at the exit from discharge ducts are satisfactory. In very large 
ducts, nozzles, and orifices become more expensive, and the pitot 
tube is perhaps more satisfactory. In moderate-size ducts, the 
choice from among the acceptable methods of air measurement 
may be based upon considerations of convenience and availability 
of materials. 


DEFINITION OF QuaANTITY-HEAD CHARACTERISTIC 


The definition of fan head to be used in determining the quan- 
tity-head characteristic of a fan has been established. The 
quantity term is not subject to definition, but must be measured 
by some acceptable method. The quantity-head characteristic 
may now be defined as the relation between the quantity dis- 
charged and the defined fan head for a specified installation 
arrangement. Fan head is defined as the discharge static head 
minus the inlet total head. 

It has been pointed out that for certain type fans there are 
possible more than one characteristic as defined by the established 
fan-head and quantity measurements, depending on the number 
of possible installation arrangements to which the fan may be 
adapted. Each particular fan type, however, is designed pri- 
marily for use in a particular installation arrangement which may 
be termed its primary arrangement. That characteristic which 
is obtained by use of the test arrangement corresponding to the 
primary installation arrangement of each type fan may be 
termed the primary characteristic for each type. For general use, 
then, this primary characteristic only need be determined, but. 
with the understanding that this characteristic will not neces- 
sarily apply when the fan is installed in any arrangement other 
than its primary one. Thus, for fan type-1, with no mounting 
flanges for inlet or discharge ducts, and thus having only one 
possible arrangement, the only possible characteristic is the 
primary one. For the fan classified as type-2, the ordinary blower 
with only a discharge-duct mounting flange, and thus having two 
possible arrangements, the primary arrangement is considered 
to be that with a discharge duct attached. The primary char- 
acteristic will be that obtained using test arrangement B, the 
blower arrangement with the discharge duct attached. The 
primary arrangement of a fan classified as type-3 having mount- 
ing flanges for the inlet and discharge ducts, is that in which both 
inlet and discharge ducts are used. The primary characteristic 
is, therefore, that obtained by use of test arrangement C, which 
has both ducts attached. The primary arrangement for type-4 
is that in which the inlet duct is attached. The primary char- 
acteristic is that obtained by test arrangement D. Thus, for any 
type of fan there may be established a primary arrangement and a 
single corresponding primary characteristic. 

For the fan reported on in this paper, using the several fan- 
head definitions in common use and the four possible arrange- 
ments, 12 characteristics were originally determined and shown. 
By use of the established definition of fan head, the possible 
characteristics reduce to four. Of these four characteristics that 
one is considered the primary characteristic which shows the 
performance of the fan when installed in its primary arrangement 
which, for this fan, is the one with both inlet and discharge ducts 
in place. This characteristic isshown by the curve marked H,¢ 
in Fig. 3. If the fan is to be installed in any other of the four 
possible arrangements it may not be taken for granted that this 
primary characteristic applies, but a separate test must be con- 
ducted to determine the characteristic for the intended arrange- - 
ment. 


a 
+s 
aon 
opted 
3 
wed 


PRO-57-3 


Drying Problems of the Ceramic Industry 


By JOHN L. CARRUTHERS,' COLUMBUS, OHIO 


The purpose of this paper is to outline and discuss the 
various problems encountered in designing and operating 
ceramic-drying systems, and to indicate the several meth- 
ods that may be used in attacking the more difficult prob- 
lems that zrise. 

The process of drying clay wares may be a relatively 
simple one or it may be quite complex. This is due to 
(1) wide variations in production requirements in different 
industries, (2) extreme differences in the physical charac- 
teristics of clay bodies used, and (3) various sizes and 
shapes of different products. In many cases, the methods 
and equipment used may appear to be very slow and inef- 
ficient when considered in the light of modern drying prac- 
tice. Their use is generally justified, however, when all 
factors are taken into consideration. However, this does 
not imply that all present systems are best suited for their 
particular task. 

The problems discussed in the paper center around the 
development, maintenance, and determination of safe, 
rapid, and economical drying rates and the reduction or 
prevention of ware losses in order to increase drying and 
manufacturing efficiencies. 


N MANUFACTURING some wares, drying is immediately 
I followed by a firing process, which in its early stages could 

function as a drying process, since there is a supply of heat 
and a suitable means for removing water vapor. Vitreous floor 
tile and small porcelain wares are commonly dried in the kiln, 
because the pieces are small and fragile and must not be sub- 
jected to unnecessary handling. However, a drying process is 
ordinarily required for the following reasons: (1) To give ware 
sufficient strength to be handled in loading kilns. (2) Kiln dry- 
ing increases the time of the firing cycle thus requiring ad- 
ditional equipment. (3) There is danger of the ware being 
marred by kiln scum which forms if sulphur gases come in contact 
with water in the surface layers of the clay ware. (4) The ware 
must be dried before the glaze can be applied. (5) The tempera- 
ture and humidity of the kiln gases cannot be readily controlled 
within the desired limits for satisfactory drying conditions. 


REQUIREMENTS OF THE DRYING PRocEsS 


The most important requirement is safe drying which means 
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that the ware from the drier will be free of any defects that may 
be caused by improper drying conditions. Any ware spoiled 
during drying is practically worthless except in the few cases 
where cracked ware can be patched or repaired. Expenditures 
on spoiled ware are lost and the salvaged clay is of little value. 

Clay wares should ordinarily be dried rapidly and uniformly 
and to the hygroscopic or regain water content (2 to 4 per cent). 
However, in some cases complete drying is not desired, because 
the ware may be too brittle for handling when bone dry, or it 
is too expensive to remove the last small percentage of water 
from the ware while in the drier. Also, several partial drying 
processes are used in the industry, e.g., drying of filtered clay for 
dry pressing and conditioning of clay blanks for turning, re- 
pressing, or “sticking.” 


Ware Formina MetHops 


A consideration of the methods used to form ceramic wares is 
necessary in the solution of drying problems, since some of the 
physical characteristics of the plastic and dry pieces will be 
affected by the method used. Following are brief descriptions of 
forming methods with lists of products indicating some of the 
conditions encountered: 

1 Dry Pressing. A slightly moistened or damp clay body in 
dust form (water content 6 to 15 per cent) is placed in a steel mold 
and then compacted by the application of pressure to the die. 
The pressure may vary from several hundred to several tons per 
square inch. Products: Floor and wall tile, low-tension electri- 
cal porcelain, special refractories, and fire-clay bricks and shapes. 

2 Stiff-Mud Extrusion. A semiplastic clay body (water con- 
tent 15 to 25 per cent) is forced through an orifice or die which 
controls the dimensions of the cross-section of the piece. The 
extruded column is cut into required lengths by steel wires. 
Products: Common, face, glazed, paving, and fireclay brick; 
hollow building tile; telephone conduit; sewer pipe; drain tile; 
roofing tile; spark-plug cores; machine-made terra cotta; and 
blanks for electrical porcelain bushings. 

3 Soft-Mud Forming. A soft plastic clay body (water con- 
tent 20 to 30 per cent) is either modeled by hand or is pressed by 
hand or by mechanically operated mandrels into plaster, wood, or 
steel molds. Wares made in plaster molds are partially dried in 
the mold so that they may be easily removed and also to develop 
sufficient strength for handling and finishing. Products classi- 
fied by name of process are: (a) Hand modeling—terra-cotta 
statuary, saggers, glass pots, and pottery. (6) Throwing on 
potter’s wheel—art pottery and specialties. (c) Jiggering (plas- 
ter molds)—dinnerware, stoneware, chemical porcelain, and art 
ware. (d) Hot pressing (plaster molds)—electrical porcelain. 
(e) Machine pressing (plaster and steel molds)—roofing tile, 
flower pots, saggers, and crucibles. (f) Hand pressing (plaster 
molds)—terra cotta, faience tile, and chemical stoneware. (g) 
Hand and machine pressing (wood molds)—common and fire- 
clay brick, and refractory shapes. 

4 Casting. A clay-water mixture of the consistency of cream 
(water content 20 to 40 per cent) is poured into plaster molds. 
The clay is deposited on the side walls of the molds as the water 
is absorbed by the plaster. The use of electrolytes in the mix- 
ture makes it possible to use relatively small amounts of water. 
The ware must dry to a rigid condition by absorption while in 
the mold to permit removal. Products: Hollow shapes in dinner- 
ware, art pottery, saggers, and sanitary ware. 

5 Additional Forming Methods. Other methods may be required 
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to complete the piece only partially formed by one of the preced- 
ing operations. These methods either change the structure of the 
clay body or develop other conditions which may influence the 
drying operations. The methods are: (a) Repressing—applied 
to stiff- and soft-mud products, such as paving and fireclay brick. 
Preliminary drying is necessary with soft-mud products. (0) 
Finishing or tooling of surfaces—applied principally to wares 
formed in molds. (c) Turning on a lathe—spark-plug porcelains 
and electrical insulator bushings. (d) Mitering or “Sticking’— 
two or more pieces formed separately are combined by pressing 
the adjoining surfaces together, using a very soft plastic clay or 
clay slip as the bonding agent. This method is used for cup 
handles, sewer-pipe fittings, closet bowls, and terra-cotta corner 
pieces. 
Dryinc PROBLEMS 


The various problems of ceramic drying comprise: (1) Elimi- 
nation of ware losses in drying; (2) developing faster safe rates of 
drying for clay bodies and shapes; and (3) developing methods 
for determining, experimentally, the safe drying time. 

Elimination of Ware Losses. The seriousness of this problem 
depends upon local conditions. Ware losses may be due to crack- 
ing, checking of surfaces, warping, strains, slumping, efflorescence 
or “drier scum,” blistering, or other troubles. The causes of 
these troubles may be in the drying system or may be attributed 
to raw materials or processing. There may be a lack of control 
in the system preventing the maintenance of uniform drying 
conditions, or there may be changes in the properties of the raw 
materials. Also, processing conditions are encountered that 
markedly influence the drying behavior of the ware. Unless such 
changes can be anticipated, it is impossible to know that drying 
conditions should be altered until after a considerable amount of 
ware has been spoiled. 

Cracking, checking, warping, and strains in the ware are all 
due to drying at excessive rates, which set up too extreme varia- 
tions in shrinkage throughout the piece and prevent an adjust- 
ment of the stresses. The actual fault developed will depend 
upon the degree of localized shrinkage, the shape and position of 
the piece, and the strength of the clay body. The factors in- 
fluencing the rate of drying and the development of these troubles 
are humidity of the air; velocity of air; direction of air flow; 
temperature of the air and ware; size and shape of the piece; 
diffusion and shrinkage characteristics of the clay body; water 
content; and strength of the clay body. 

Slumping is due to the absorption of water condensed from 
humid air on the surface of the piece. Also, plastic clay wares 
may slump if they are heated in a humid atmosphere that permits 
little, if any, drying. The increase in temperature lowers the 
viscosity of the water, and the clay-water mixture cannot support 
its own weight. Blisters are caused by air entrapped in surface 
layers of the piece. If the clay is softened by condensation and 
the air expanded by heating, then a blister will be formed. Efflor- 
escence or “drier scum” is due to either soluble salts in the clay, 
brought to the surface during drying, or formed by the reaction 
between sulphur gases in the drier chamber, water and minerals 
in the clay. Other items that may cause a loss of ware are vi- 
brations of conveying equipment, poor handling of the ware, or 
lack of provisions for shrinkage when setting the piece. 

There are three general methods which may be used to solve the 
problem of ware losses. The choice of method will depend upon 
the results of an analysis of the prevailing conditions and the 
weight of the various factors. The mode of attack may be 
along any of the following lines: 

(a) The use of a drier that may be closely controlled over a 
fairly wide range of drying conditions and changes in atmospheric 
conditions. This may require remodeling or replacing existing 
driers. 
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(b) The use of a control system which will eliminate changes in 
the drying system or the drying behavior of the clay ware. Ware 
of uniform characteristics should be delivered to the drier. How- 
ever, possible variations in clays and processing conditions be- 
yond the control of the drier or its operator often prevent satis- 
factory drying. 

(c) Change the physical properties of the clay body, where 
possible, so that the ware can be safely dried under conditions 
that can be economically maintained in the existing equipment. 
This method is discussed in more detail in the next section. 

2 Development of Faster Safe Drying Rates. A reduction in 
the excessive safe drying time required in many clay plants 
would have several obvious advantages. The solution of this 
problem is by improving drier designs and techniques or the 
application of ceramic technology. Research work in ceramics 
during the past ten years has made available new information on 
the nature of clays and methods of varying them, especially in 
respect to their drying behavior. Consequently any of these 
methods, or others, may be the most desirable one to use, pro- 
viding the drier equipment is satisfactory. 

Rapid drying is not always desirable from an economic stand- 
point, especially with wares such as dinnerware, stoneware, or 
art pottery. In some plants, a supply of partially fabricated 
ware is maintained at several stages of the manufacturing process 
in order to meet fluctuations in production orders. Conse- 
quently, storage rooms in which the ware is dried slowly are more 
economical than regular driers since this procedure eliminates an 
extra handling. Also, there are some types of ware, such as glass 
pots, which seem to have better service qualities if they are dried 
slowly. 

Changes in drier design or operation quite often make it pos- 
sible to dry ware safely at rates that would be disastrous with the 
existing system. Cut-and-try methods may be required to ob- 
tain the desired results due to conditions often difficult to explain. 
Several features of design or methods of operation, that might be 
investigated in the remodeling of old driers or the design of new 
ones, are as follows: 

(a) Direction and velocity of air flow. This feature is quite 
vital with many products. Whenever possible, all surfaces 
should have uniform treatment. 

(b) Location of heating units. Rapid safe drying has been 
obtained in some driers by placing the steam-radiator elements 
in the drying chamber. This arrangement eliminated the neces- 
sity for a large recirculating-air volume to deliver the required 
units to the ware. 

(c) Heating the ware before placing it in the drier or heating 
it (with little drying) in a controlled humid atmosphere at the 
start of drying, will ordinarily make possible the use of increased 
drying rates. 

(d) Provide a uniform air circulation throughout the ware 
setting, especially in continuous driers. If all ware does not re- 
ceive the proper initial treatment due to poor circulation, then 
the rapid drying conditions later on will damage that ware not 
properly treated. In some cases the ware setting in the drier 
may require adjustment. 

(e) Adjust air volumes and temperatures to prevent condensa- 
tion of water vapor on the ware. 

(f) Both continuous and intermittent drying systems have 
definite applications in the industry. A change from one type to 
another is sometimes indicated. 

There are several methods, based upon application of ceramic 
technology that may be used to increase the safe drying rate of a 
clay or make it possible to dry certain clays satisfactorily for 
commercial use. These methods alter various physical proper- 
ties that govern or influence the rate at which the clay may be 
safely dried. The properties are shrinkage, pore structure, and 
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strength which are dependent upon the grain size, the amount and 
state of colloids of the clay, the water content, and the nature of 
the minerals in the clay. Briefly, the methods are: (a) The 
addition of a non-plastic material or a less-plastic clay to de- 
crease shrinkage in drying. (b) Preheating the clay at tempera- 
tures between 400 and 500 F to alter the character of the colloids 
and thus decrease shrinkage in drying. (c) Coarser grinding of 
materials to decrease shrinkage. (d) Weathering of raw clay, 
additional tempering, aging the plastic body, addition of an or- 
ganic bond, or the addition of a more plastic clay may be used to 
increase the strength of the clay. (e) A small amount of sodium 
chloride (NaCl) added to a clay has been effective in several 
cases. (f) The addition of an electrolyte to flocculate the colloi- 
dal material. This increases the strength of the body and appar- 
ently increases the rate of water diffusion. (g) A chemical treat- 
ment to cause an exchange of bases in the colloidal material. 

In some cases, drier troubles are due to the development of 
planes of weakness or strains in the pieces by faulty forming 
processes. The presence of auger, die, or hand laminations, 
pressure planes, etc., will require the use of slow drying rates to 
prevent heavy ware losses. 

Determination of Safe Drying Rates. At the present time, 
there is no correlation between the drying behavior of trial pieces 
under controlled laboratory conditions and that of actual pieces 
of ware in commercial driers. A solution of this problem is 
needed for advancing the art of drying clay wares. The deter- 
mination of required drying rates in commercial driers is a very 
expensive proposition. 

Considerable work has been done both in this country and 
abroad to obtain more information in regard to the nature of 
clays and the forces or agencies that govern or influence phe- 
nomena such as shrinkage, diffusion, vapor pressures. Other 
studies have been made to determine what relationships there 
might be between humidity, temperature, pressure, water content, 
shrinkage, or clay characteristics and drying behavior. While 
much valuable information has been obtained, the methods now 
available for determining the safe drying time of a clay when 
formed into a definite shape are of a cut-and-try nature. The 
problem is exceedingly complex since there are many variable 
factors that must be considered. 


SUMMARY 


The problems discussed center around the development, main- 
tenance, and determination of safe, rapid and economical drying 
rates and the reduction or prevention of ware losses in order to 
increase drier and manufacturing efficiencies. 

The principal factors involved in the solution of the problems 
are: (1) Requirements for drying systems; (2) manufacturing 
methods employed; (3) the physical characteristics of clays and 
product shapes; (4) ordinary phenomena of drying such as tem- 
perature, humidity, air flow (direction and velocity), heat trans- 
fer and vaporization; and (5) economic considerations. 

The methods that may be used in solving the existing prob- 
lems include the following: 

(1) Provide correct drying conditions for the ware by remodel- 
ing or replacing existing driers so as to eliminate ware losses or 
increase safe drying rates. Also, provide suitable control meth- 
ods and apparatus. 

(2) Improve the drying behavior of the clay bodies by alter- 
ing their physical properties so as to prevent ware losses and to 
increase the safe drying rate. This general method can only be 
used when the quality of the finished product is not adversely 
affected. The methods that may be employed are (a) the use 
of non-plastic or less-plastic materials, (b) chemical treatment, 
(c) the addition of stronger clays or organic bonds, (d) the use of 
additional processes such as preheating, weathering and aging, 
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and (e) varying the methods used in grinding and tempering the 
clay. 

There are plants that are continually encountering many of 
the difficulties described, while others seldom have drier troubles. 
However, the industry as a whole encounters these problems 
continually and only by recognizing that there are problems can 
improvements be made. 

It is believed that the art of drying ceramic wares in the major 
portion of the industry is on a fairly high level when considera- 
tion is given to the complexity and wide variations in the compo- 
sition and properties of clays, the variety of products made, the 
different processes used in manufacturing, and the science of 
drying. 
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Discussion 


A New Basis for the Rating 
of Roller-Chain Drives’ 


NorMAN ARNOLD.? Refinements in methods of design are 
handicapped in their adoption unless the mathematical work in- 
troduced by the change can be made simple. At the suggestion 
of Professor Bartlett, an effort has been made to devise a simple 
graphical method for performing the computations on the basis 
set forth in his paper. 

The method here developed employs an alignment chart with 
a sliding seale, a device that is not as common among engineer- 
ing computing diagrams as its convenience and simplicity war- 
rant. Attention is called to the three mathematical conditions 
which must be satisfield. They are obtained from Equations 
[22] and [27] and Table 1 of the original paper: 


1000 hp 


= 23 PB. 
~ 


[22] 


1 Published as paper MSP-57-1, by G. M. Bartlett, in the April, 
1935, issue of the A.S.M.E, Transactions. 
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The right-hand members of these inequalities involve pitch» 
bushing length, wt per ft, etc., all of which are constants for any 
particular standard chain. The author supplied tabulated 
values of the right-hand members for the various standard 
chains; and these values were used in preparing the chart. 

It will be noted that 1000 hp/N; is contained in both Equa- 
tions [22] and [27], therefore, in preparing the alignment chart, 
this division can be performed first, and the result used in solving 
both Equations [22] and [27]. On the accompanying chart, 
Fig. 1, this division is carried out by drawing a straight line 
through the points on the scales for N; and hp to the Q-axis, 
(dashed line A in the figure). The inequality 22 is satisfied by 
any chain whose number appears on the X-scale above the index 
line from the point on the Q-axis to the value of N2 (line B in the 
figure). In general, the conditions limiting the rpm are satis- 
fied by chains whose numbers are nearer the bottom of the chart 
than the given rpm, m; and inequality 27 is satisfied by chains 


2 Instructor, Engineering Drawing, Purdue University, West ; 
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point on the Q-axis tom. Therefore, both are satisfied by chains 
in the inclined lines cut by the index line from the Q-axis to m. 

As an example, let it be required to select a chain to transmit 
7 hp over sprockets having 15 and 50 teeth, where the smaller 
wheel turns 800 rpm. (1) Draw the index line, A, from 15 on Ni 
through 7 on the horsepower scale to the Q-axis. (2) Through 
this point on the Q-axis draw an index line, C, to mn, = 800, and 
note that chains Nos. 50 60, and 80 (cut by this line), satisfy 
two of the three conditional equations. (3) The index line, B, 
from the Q-axis to Ne = 50, cuts the X-scale below chains Nos. 60, 
80, 100, ete., only two of which satisfy the first two conditions. 
Hence, either chain No. 60 or chain No. 80 is satisfactory for this 
example. 

This chart as shown is for single chains only. If it is found 
that a single chain will not satisfy the conditions, the chart 
may be easily modified to select multiple chains on the same 
basis. If the horsepower scale is made movable along its axis, 
then to select double chains, the arrow at 5 on the horsepower 
scale is matched with the arrow marked ‘‘double,’’ and the 
chart is used in the same manner as just described. The pro- 
cedure for triple and quadruple chains is obvious. Incidentally, 
shifting the horsepower scale in this way has the effect of dividing 
by 2 for double chain, by 3 for triple chain, and by 4 for quad- 
ruple chain. Therefore, one can use the chart as it is, if the 
horsepower is divided by 2, 3, or 4 as the case may be, when select- 
ing multiple chains. 

The conditions limiting the rpm are not completely fulfilled 
by the alignment chart, therefore, after tentatively selecting a 
chain by means of the chart one should refer to the rpm diagram 
shown here, or Table 1 in the author’s paper, to make sure that 
the allowable speed is not exceeded. It will be observed that the 
No. 60 chain found in the example is satisfactory for 1500 rpm 
unless the number of teeth is greater than 17; above 17 teeth a 
gradual reduction in speed must be made. No. 80 chain is 
satisfactory for 940 rpm if the number of teeth is less than 24, 
and above 24 teeth a gradual reduction must be made as shown 
by the inclined portion of the curve marked 80. 

The time required to select a chain by means of the chart is 
seldom greater than a minute if Ni, N2, m, and hp are known. 
Obviously, the chart may be used inversely to find the maximum 
horsepower which may be transmitted or the limiting numbers of 
teeth that satisfy the two equations and the set of rpm curves. 


AUTHOR’s CLOSURE 


The closure can be used to no better advantage than to sum- 
marize briefly the conclusions of the mathematical research ad- 
vanced in the paper and to add appropriate remarks relative 
to the possibilities and limitations of the theory, the formulas, 
and the tables developed. 

Maximum Revolutions per Minute and Chain Velocities. Table 
1 of the paper should have been provided with heavy lines drawn 
so as to divide it into three areas: An upper left-hand area 
showing figures calculated from formulas [6] and [7]; an upper 
right-hand area calculated from formulas [8] and [9]; and a lower 
left-hand area calculated from formulas [4] and [5]. Each of 
these formulas contains a constant the value of which can be 
determined properly only from practical tests. Arbitrary values 
have been used in this table only to show the general plan. They 
are subject to change so as to conform to facts as they may be 
discovered from a study of actual performance in practice. 

Formulas [8] and [9] affecting the upper right-hand area of 
the table are built upon a theory the only excuse for the existence 
of which is that it seems to satisfy, to an approximate extent, the 
general belief that centrifugal force in some way limits the allow- 
able chain velocity. Not only are the constants in formulas 
[8] and [9] subject to change, but also the structure of the for- 
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mulas may be changed in case a more plausible theory is discov- 
ered. 

Merely changing the constants in formulas [4] to [9], inclusive, 
would not alter the theory on which they are based. If, for 
example, it is found that the figures for a 17-tooth sprocket 
carrying a No. 40 chain should be 10 per cent higher than those 
given in Table 1, the constants in formulas [8] and [9] can be 
increased 10 per cent and this would increase most of the figures 
in the upper right-hand area and cause a shift in the location 
of the line dividing that area from the lower left-hand area. 

Conditions for a Uniform Chain Elongation. This mathemati- 
cal research on the rapidity of chain wear has been conducted on 
the assumption that it would be desirable to know just how the 
life of a roller chain is affected, in theory at least, by changes in 
pitch, width, pin diameter, chain length, and the number of 
sprocket teeth. Disregarding centrifugal pull, the effect of which 
is almost negligible, it is concluded from formulas [20] and [21] 
that if uniform conditions of lubrication and service are assumed, 
the rate of chain elongation due to wear is proportional to 


+ N:)/BPNN2L, 


If now it is assumed that all chain drives are to be designed so 
that, under uniform conditions of lubrication and service, the 
chains will reach a 3 per cent elongation at the end of a specified 
number of hours of service, as 10,000 hours for example, the 
horsepower to be transmitted would have to be calculated from 
the formula 


H = + N2).......... [22a | 


where K is a constant to be determined by experiment. The 
constant K has been taken tentatively equal to 0.023 for the 
sake of illustrating the use of the formula and of tables computed 
from the formula. This formula and the ones given later in this 
closure are numbered as supplements to those given in the paper 
to facilitate reference to the paper. 

In order to simplify the horsepower tables computed from 
formula [22a], it has been further assumed that the chain length 
L, contains in every case as many links as there are teeth in the 
two sprockets. That is, the tabulated horsepowers in Table 3 
in the paper are for chains containing exactly (Ni; + N2) links 
This must not be overlooked since, when L, = N, + Nz, the 
center distance is very much shorter than would be used in the 
average drive, and Table 3 is only designed to give horsepower 
ratings for drives having short center distances. In a drive using 
16 and 25 teeth, Ni:N2 = 400 and the chain length is assumed as 
16 + 25 = 41. The center distance would then be about 10 
pitches, and at 1200 fpm the rated horsepower is 7.3. If the 
chain length is doubled the center distance would be about 31 
in., which is much closer to the average distance in actual practice. 
This makes the rated horsepower 14.6 instead of 7.3 as found in 
the Table 3. 

If Tables 3 and 4 had been based upon an assumed minimum 
chain length of 2(N; + N2) pitches, the constants in formulas 
[26], [28], and [30], inclusive, would be doubled, the horsepower 
ratings in the upper right-hand area would all be increased, and 
the heavy stepped line would be moved to a higher position. 

Table for the Selection of a Suitable Chain. Table 5, given with 
this closure, illustrates an attempt to provide some means by 
which a proper chain can be quickly selected for a drive when the 
horsepower, the number of teeth N; and N2, the revolutions per 
minute, and the approximate center distance (in pitches) are 
known. Disregarding the slight effect of centrifugal action, but 
taking account of the chain length, we have from formula [28] 


H = 0.023PBN,\N, L/(N; + N2)........ [28a] 


+ 

: 
: 
a 
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Substituting 2C + ((M. + V.)/2] for L in form- TABLE 5 VALUES FOR THE SELECTION OF ROLLER CHAINS 
ula [28a], this substitution being sufficiently ac- Single-width — Pitch — Std. Piteh 
‘ i chain and chain anc 
curate, we obtain x y Z no. width x ) Z no. width 
[6 ‘ 2.46 0.185 2662 35N */s X 3/1 7.41 0.555 2662 T35N */s X 3/1 
H = 0.023PBN\N,[2C/(Ni + + 1/2] 4.00 0.314 2500 41. x 12.05 0.942 2500 T41 1/, 
28h 4.96 0.427 2310 40 1/2 X 14.90 1.281 2310 T40 X 
(28) | 7.69 0.850 1830 50 5/3 X 3/ 23.10 2.550 1830 T50 X 3/s 
11.90 1.534 1500 60 x 35 -60 -700 1500 T60 VAL 
on 27P | 20.20 3.470 940 80 1x5 ; 
O.0127PBdNim........ [296] 30.50 6.320 645 100 91.5 18.96 645 T100 11/4 X 3/4 
17.5 11.43 520 120 142.0 34.29 520 T120 X1 
The horsepower rating can now be said to be 57.8 16.00 370 140 1*/s x } 172 0 48.09 370 T140 1/4 x} 
80.6 24.95 328 0 ‘ 2 3: 2x 
the lesser of the two values computed from 340 200 X 366.0 153.78 240 T200 x 1'/s 
formulas [286] and [29]. The effect of a change -—_————Double-width chains —Quadruple-width chains——-——. 
in center distance is shown in the following ex- 4.95 0.370 2662 D35N 3/s X 3/1 9.90 0.740 2662 Q35N */s X #/1s 
3106 0.628 2500 16.10 1.256 2500 Q41 1/2 X 1/4 
ample. 9.93 0.854 2310 ‘/2 X 19.06 1 X 
> = = =m 21 C 15.40 1.700 1830 D50 5/4 X 3/s 30. 3. X 3/s 
P= = 23-70 3.065 1500 D60 X 47.4 6.130 1500 Q60 x 
and the speed = 547 rpm. Then the rated 40.30 6.940 940 D801 x 5/. 80.6 13.88 940 Q80 1 X 5/s 
61.0 12.64 645 D100 121.8 25.28 645 Q100 11/4 x 
horsepower is 10.5. 95.0 22.86 520 D120 1/2 x1 188.0 45.72 520 Q120 Wp x1 
nite 5 32. 370 D140 X 1 231.5 64 3 1 
the rated horsepower is one and two-thirds times 244.0 102.52 240 D200 2'/: X 1'/. 488.0 205.04 240 Q200 2'/2 x 1 
as great, or 17.5 hp. . 
Now from formulas [286] and [296] number D60 could be used but it would not be as economical as 
the single-width chain No. 80. 
— 1000H [28e Referring to J. N. Arnold’s discussion, the difference in the 
3 N\N2[2C/(Ni + N2) + 1/2) results obtained from his chart and those obtained by the method 
12.7PBd = 1000H/Nim...........-. [29] just described is due to the fact that the author is here taking 


The first member of formulas [28c] and [29c] has a fixed value 
for each standard chain, and the second member has a particular 
value for each chain drive. 

In this closure the author gives a table, numbered Table 5 as 
a continuation of the table numbers given in the paper. In 
Table 5, column X shows values of 23PB for the several standard 
chains listed in Table 1 of the paper. The column headed Y 
shows values of 12.7PBd for the same chains, and the column 
headed Z gives the max rpm for a 17-tooth sprocket as listed in 
Table 1 of the paper. 

If we compute 


~ NiN2[2C/(Ni + + 1/2] 


and 


y = 1000H/Nin 


for a proposed drive, and z is taken as the revolutions per minute 
of the smaller sprocket, it is then only necessary to refer to the 
table for a set of values of X, Y, and Z, each of which is greater 
than z, y, and z. The standard chain number is then found in 
column 4 of Table 5. In most cases there will be several possible 
selections, and the one highest in the list will usually be the most 
economical. A quick reference to the table of maximum revolu- 
tions per minute will give an adequate check on the selection. 

As an example, let it be required to select a chain to transmit 
15 hp over sprockets having 15 and 25 teeth, the smaller wheel 
turning at 900 rpm, and the center distance to be about 30 
pitches. Then 


1000 15 
r= — = 2 
15 X 25{ [(2 X 30)/(15 + 25)] + 0.5} 

y = 1000 X 15/15 X 900 = 1.111, 


900 


In Table 5, sixth row from top, the values of X, Y, and Z are 
20.20, 3.470, and 940, respectively, all of which are greater than 
the required values. The standard chain number is 80 and is a 
l-in. pitch chain. It will be noticed that double-, triple-, and 
quadruple-width chains are listed as well as the single-width 
chain. If a selection cannot be made from the list of single 
chains, reference is made to the double-width chains, then to 
triple-width or the quadruple-width chains. In this case chain 


andz = n, = 


account of the effect of a change in center distances, whereas 
Mr. Arnold’s chart was designed to give results corresponding to 
formulas [28] and [29] and to Table 3. Doubtless Mr. Arnold’s 
chart could easily be modified to take care of varying center dis- 
tances if desired. 

Effect of an Excessive Number of Teeth. One more comment 
seems to be important. An inspection of Table 4 of the paper 
shows that in the case of drives having over 60 teeth in the larger 
sprocket the horsepower ratings seem to run higher than they 
should. The reason for this is that the present research has dealt 
only with the rate of chain elongation and has not taken into 
account the fact that, whereas chains operating over sprockets 
with less than 60 teeth can often stretch 3 per cent before being 
discarded, this is not true where the sprockets have considerably 
more than 60 teeth. 

In the case of 90 teeth the chain will climb very nearly to the 
top of the teeth when the elongation is only 2 per cent; and this 
means that the allowable life of the chain on a 90-tooth sprocket 
is only two-thirds as great as one running on a 60-tooth sprocket. 
To take account of this a note may be attached to Table 5 stating 
that, where N2 is more than 60, the values of z are to be multi- 
plied by N2/60 before being applied to the table. 


The Leakage of Steam Through 
Labyrinth Seals’ 


R. L. Scorau.? The subject of flow through labyrinth 
seals has received rather limited study, even though it has been 
known for sometime that the older formulas do not always give 
reliable results. Mr. Egli’s paper will no doubt form a weleome 
addition to the literature of this field. 

It should be pointed out, however, that the static tests referred 
to in this paper do not simulate the real conditions of operation. 
In practice, the leakage steam flows in a different sort of channel, 
one part of which is stationary while another part, the shaft, 
rotates at high speed. It has not been demonstrated that the 
leakage is independent of the speed of rotation. Furthermore, 


1 Published as paper FSP-57-5, by Adolf Egli, in the April, 1935, 
issue of the A.S.M.E. Transactions. 

? Mechanical Engineering Department, Stanford University, Cali- 
fornia. 
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the argument presented here is confined to the gas phase of the 
flowing fluid, that is, superheated steam. In some cases, the 
steam entering the seal will be wet or only slightly superheated. 
Under these conditions, the effect of supersaturation and water 
drops further complicate the problem. In view of the wide 
variety of designs used in practice and the absence of precise infor- 
mation regarding supersaturation and the behavior of entrained 
water drops, it would seem expedient at this time to investigate 
experimentally the leakage through various labyrinth construc- 
tions using a rotating-shaft element. Such experiments would 
not only provide reliable leakage data for the particular construc- 
tions tested but would also serve as a helpful check on the rational 
theoretical treatment of the problem. 


H.G. Yares.* The writer is interested in knowing if Mr. Egli 
has studied the effect of inclining the baffle strips at an angle of 45 
deg. Glands of this type in conjunction with a spring mounting 
have been found satisfactory. It is uncertain, however, how far 
their good sealing properties are due to the inclination and how 
far to the accurate maintenance of fine clearances by means of the 
spring mounting. Any gain in sealing properties would probably 
be proportionately smaller with very fine clearances (of the order 
of 0.01 in. or less) as the small radius, which necessarily exists on 
even a “sharp” baffle strip, would assume proportionately greater 
importance, and the constriction would cease to be a sharp-edged 
orifice and would tend toward one with wel!-rounded edges. It 
is presumably this effect which gives rise to the curves of Fig. 18 
of the paper. An important advantage of the inclined baffle 
strip is that in the event of local heating due to a momentary rub, 
the strips tend to cockle up away from the shaft rather than to 
expand toward it. 

Another gland which has been employed frequently is of the 
“straight-through” type but with the baffle strips adjacent to a 
number of thin closely pitched ribs turned on the shaft or gland 
sleeve, of different pitch from the strips themselves, so that there is 
no fear of a straight blow-through if the rotor should be moved in 
an axial direction. Besides having the property of rapid cooling 
in the event of a rub, it is believed that the ‘‘valleys’”’ between the 
ribs or pips serve to break up the steam flow and give almost as 
good a seal as a gland of the well-staggered type. The writer 
would welcome Mr. Egli’s opinion on this. 


B. Hopkinson.‘ Mr. Egli refers more than once in his 
paper to the high velocity through the last throttling and points 
out that the Fanno line may at this stage be departed from. 

A way of allowing for this in the calculation suggests itself. 
The pressure before the last throttling may be taken as twice the 
final-pressure, and the calculation carried only to this point. In 
other words, the last throttling could be done away with, and the 
final pressure doubled. This would raise the calculated figure 
slightly, except in odd cases, and in the light of some tests at 
Trafford Park, Manchester, on a grooved valve spindle, would 
make the answer more reasonable, because we found a greater 
mass flow than appeared, according to calculation, to be possible. 

The odd cases where the calculated discharge would not be 
increased occur when p2/7p, is higher than about 0.2, and then the 
last throttling probably does not carry sound velocity. Most 


3 English Electric Co., Ltd., Rugby, England. 

4 Turbine Experimental Section, Mechanical Engineering Depart- 
ment, Metropolitan Vickers Electrical Co., Ltd., Manchester, Eng- 
land. 
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practical labyrinths operate with p:/p; a good deal less than 0.2. 
Thus, it would be well to use the above suggested way only when 
p2/ pi equals, say, 0.1 or less. 


AUTHOR’s CLOSURE 


The author fully realizes the fact, mentioned by Prof. R. L. 
Scorah, that the actual flow conditions are not correctly sirnulated 
in the static tests referred to in the paper. Some of Friedrich’s® 
tests, which were made with a rotating shaft, show the effect of 
peripheral speed to be rather small. At 200 ft per sec the decrease 
of leakage due to the speed of the shaft has been found to be 3.4 
per cent. For moderate peripheral speeds, therefore, the static 
tests will not be much in error. 

There is a further point with a view to simulating the actual 
flow conditions, which has been neglected in the static tests. 
It is the exact shape of the edges of the sealing strips after they 
have been rubbing in the running turbine. The strip generally 
becomes burred over and the sealing edge is no longer sharp, as 
assumed in the static tests, but is in cross-section shaped rather 
like a mushroom. The characteristic function y of such a mush- 
room-shaped throttling undoubtedly is somewhat different from 
the function y of a sharp-edged orifice shown in Fig. 2 of the 
paper. It would be principally possible to determine this function 
by testing a single ‘‘mushroom-shaped” strip. Curves ¢ versus 
pn/po similar to those of Fig. 7 of the paper could then be con- 
structed with the methods there presented. For most practical 
purposes, however, the ¢ curves of Fig. 7 will be sufficiently 
accurate. 

The author has had no experience with the sealing properties 
of the particular types of baffles described by H. G. Yates, and 
does not believe that by inclining the labyrinth strips the amount 
of leakage for a given clearance should descrease measurably. If 
such glends have proved successful in the turbine, it apparently 
is due to the maintenance of a fine clearance. The “straight- 
through” type seal with strips adjacent to a mumber of closely 
pitched ribs is probably somewhat tighter than the “straight- 
through” type gland referred to in the paper. It is his opinion, 
however, that this type of packing will not reach the good sealing 
properties of a well-staggered labyrinth. The leakage jet issuing 
from one clearance very easily “bridges” over the narrow “‘val- 
leys” between the ribs by simply maintaining a series of stationary 
vortices in each valley. 

The method of considering the great pressure drop across the 
last throttling, as suggested by H. B. Hodkinson may give fairly 
correct results, although the assumption of the pressure before 
the last throttling to be twice the final pressure is quite arbitrary. 
There is, however, no need of treating separately the last throt- 
tling when following the methods outlined in the paper. The 
curves of Fig. 7 and 7a automatically take into account the flow 
characteristics of each throttling in the labyrinth including the 
last one. 

The physical nature of the leakage flow along a grooved valve 
stem, to which Mr. Hodkinson refers, is quite different from that 
in a labyrinth packing. Here the loss of kinetic energy due to 
friction in the narrow space between stem and bushing must be 
taken into consideration whereas in a labyrinth the friction in 
the short passage through the throttling gap plays a minor réle 
only. 

5 “Untersuchungen ueber das Verhalten der Schaufelspaltdichtun- 


gen in Gegenlauf-Dampfturbinen,”’ by H. Friedrich, Mitt. Forsch. 
Anst. G. H. H., Oct., 1933. 
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Cause and Prevention of Turbine-Blade 
Deposits 


By FREDERICK G. STRAUB,? URBANA, ILL. 


A survey was made of power plants encountering turbine- 
blade deposits and it was found that this trouble results 
from contamination of the steam by the boiler water. 
A study in the laboratory showed that sodium hydroxide is 
the material which causes the sticking to the blades. It 
was also shown that when the sodium hydroxide is neu- 
tralized and changed toa salt such as sodium carbonate, it 
will not adhere. The presence of sufficient amounts of 
inert salts, such as sodium sulphate, with the sodium 
hydroxide also will stop the deposit from forming. 

The action of sodium sulphate in preventing the blade 
deposits was studied in a large central power plant, and the 
deposit was materially reduced. A small testing unit for 
detecting the presence of adhering salts in the steam was 
developed and used in the power-plant tests. 


difficulty in the form of fouling of turbine blades. This 
difficulty has become of major importance in many large 
stations whereas it has only meant annoyance in other stations. 
There are several types of deposits which form on the turbine 
blading and cause this fouling. One is that which is apparently 
caused by a deposition of solids carried in the steam from the 
boiler water and another is that caused by a chemical reaction 
between chemicals in the steam and the material in the turbine 
blade. The first type is most common and is readily distin 
guished because it is largely water-soluble and is washed off with 
comparative ease, whereas the other type adheres tenaciously to 
the blades. 
The difficulty caused by the deposition of solids carried in the 


in th generating stations have encountered 


steam appears to be the one causing the major difficulty. The 


efforts of this research have been expended entirely toward the 
study of this type of deposit and no study has been made of the 
other type. 


1 Part of the research conducted in cooperation with the Utilities 
Research Commission, Chicago, Ill. Published by permission of 
Dean M. L. Enger, Director, Engineering Experiment Station, Uni- 
versity of Illinois. 

2 Special Research Assistant Professor in Chemical Engineering, 
University of Illinois. Mr. Straub was graduated from the Uni- 
versity of Illinois in 1920. After leaving the university, he was 
associated with Mellon Institute, Pittsburgh, Pa.; Semet Solvay, 
Syracuse, N. Y.; and Guggenheim Brothers Research Laboratories, 
New York, N. Y. He holds the degrees of Master of Science and 
Metallurgical Engineer from Pennsylvania State College. He has 
been conducting special research for the Utilities Research Com- 
mission, Inc., on boiler-feedwater treatment for the last eleven 
years at the University of Illinois. This has included work 
on determining the causes and methods of prevention of embrittle- 
ment in steam boilers and a study of the methods of preventing scale 
in high-pressure boilers. 

Contributed by the Power Division for presentation at the Annual 
Meeting of Tue AMERICAN Society OF MECHANICAL ENGINEERS to 
be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1936, for publication in a later issue of 
Transactions. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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INDUSTRIAL EXPERIENCE 


A survey was made of power plants encountering this trouble 
as well as those not having difficulty with blade deposits. 

The summary of conclusions reached after assembling the 
available data in regard to turbine-blade deposits is as follows: 

(1) The deposits formed independent of steam pressure or 
temperature. 

(2) The deposits were not proportional to the total concentra- 
tion of solids in the boiler water. 

(3) The total solids in the steam were very low in many plants 
where deposits occurred. 

(4) The deposits all contained sodium present as hydroxide, 
carbonate, or silicate. 

(5) The deposits were practically all water-soluble. 


LABORATORY EXPERIMENTS 


Cause oF Deposits 


The deposits which were formed in the plants under considera- 
tion all originated in the boiler water. A small amount of the 
boiler water may be easily carried into the steam. Actually, 
this amount does not have to be more than one-tenth of one per 
cent of moisture in the steam to cause appreciable trouble at the 
turbine. Thus if a boiler water should contain about 300 ppm 
total solids, which is a rather low concentration, and one-tenth 
of one per cent of the steam were present as boiler water, the 
steam would contain 0.3 ppm of total solids. This appears a 
negligible amount; however, with a turbine using one million 
pounds of steam per hour, 8 lb of solids would pass through the 
turbine in 24 hr. If only 10 per cent of this were to adhere to the 
turbine blades, the efficiency and capacity loss would increase at 
an alarming rate. Thus if there is present in the boiler water any 
material which would cause adherence to the turbine blades, the 
better quality steam might cause appreciable difficulty. 

In order to determine whether there is present in the average 
boiler water material which would cause adherence or sticking to 
the turbine blade a study was made of the behavior of the various 
salts encountered in boiler waters as they pass from solution in 
wet steam to superheated steam. If only pure water were pres- 
ent in the boiler and a small amount of the boiler water were me- 
chanically carried into the steam and to the superheater, the 
droplets of water would vaporize in the superheater and no free 
moisture would be present in the superheated steam. However, 
if sodium chloride, sodium carbonate, or sodium sulphate were 
present in the boiler water the droplet of water entering the 
superheater with the steam would contain a dilute solution of the 
salt or salts. As the steam became superheated the water would 
vaporize and leave a dry salt or powder of the salt or salts with 
the superheated steam. Consequently, they would pass through 
the steam pipes and turbine as a fine powder or dust and cause 
no appreciable difficulty. This is based on the assumption that 
there is only a small percentage of moisture in the steam. How- 
ever, if sodium hydroxide were present this would not happen. 
This results from the fact that the behavior of sodium-hydroxide 
solutions is entirely different from that of the other salts dis- 
cussed. 
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When a solution of sodium chloride, carbonate, or sulphate is 
boiled, the solution is concentrated as the steam is released and 
the solution concentrates until a saturated solution is obtained. 
Any further release of steam results in the precipitation of the 
salt. Eventually, if the boiling is continued, all the water is 
evaporated and dry salt or salts are left behind. If a solution of 
sodium hydroxide is boiled, the solution concentrates with a 
continual increase in temperature until a concentration is reached 
where the concentrated solution is in equilibrium with the vapor 
pressure of the surrounding atmosphere and further heating will 
cause a release of steam to the surrounding atmosphere with an 
increase in concentration of the caustic solution and an increase 
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in the temperature of the solution. This is 
shown graphically in Fig. 1 and may be illus- 
trated as follows: 

If a drop of water containing sodium hy- 
droxide in solution leaves a boiler at a pressure 
of 600 lb per sq in. abs and enters the super- 
heater with the steam, the water will vapor- 
ize, thus concentrating the solution. When 
the temperature of the steam reaches 600 F 
the concentration of the caustic will represent 
about a 60 per cent solution, shown as A in 


trically 
Heated 


Boiler 
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In order to substantiate this theory tests were run in the labo- 
ratory. The procedure followed in these tests was to produce 
steam in a small boiler, contaminate the steam with a solution of a 
desired salt or combination of salts, superheat the contaminated 
steam, pass the steam through an orifice so that it impinged on a 
stationary blade, and then condense the steam at a predeter- 
mined pressure. 

Fig. 2 shows the apparatus used for the tests. Condensed 
steam from the steam-heating system was passed through a small 
deaerating heater and then pumped to an electrically heated 
boiler to generate steam. The steam was then passed under 
pressure into the contaminator. The contaminator contained a 
dilute solution of the contaminating salt or salts and was so 
built that the steam entered the bottom, bubbled up through the 
solution, and was taken off at the top. The contaminator was 
heated by means of a hot plate to compensate for radiation loss 
and to maintain a constant level of solution. The steam leaving 
the contaminator was passed through an electrically heated su- 
perheater, then through an orifice so as to impinge on the re- 
movable blade, and then through a copper-coil condenser to the 
condensate storage. The steam pressure and the superheated- 
steam temperature were maintained constant by means of po- 
tentiometer temperature regulators. The temperature of the 
blade on the side opposite the point of steam impingement was 
recorded on a recording potentiometer temperature recorder. 
When a vacuum was maintained in the condenser this was done 
by evacuating the condensate storage to the desired pressure. 
The pressure in the container holding the blade was determined 
by means of a pressure gage. 

If the temperature and pressure existing in the generating 
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Superhe ater 


Fig. 1. If the temperature and pressure re- 
mained constant, the droplet of caustic would 
remain 60 per cent sodium hydroxide and 40 
per cent moisture, even in contact with super- 
heated steam. As the temperature increases, 
the pressure remaining constant, the caustic 
concentration will increase. At a pressure of 


To Atmosphere 
or Vacuum 


600 lb and a temperature of 700 F, the con- 
centration would be as shown at point B, an 80 
per cent solution. 

The concentration of caustic in equilibrium with superheated 
steam at various pressures and temperatures is shown in Fig. 1. 
This shows that the concentrations of sodium hydroxide reached 
in the average higher pressure plant is between 80 and 90 per cent. 
A solution of sodium hydroxide containing between 10 and 20 per 
cent moisture at these temperatures will be in a pasty or semi- 
fluid state and in going through the turbine will adhere to the 
blades. The other salts, present as a fine dust, will adhere with 
the sodium hydroxide, but not necessarily in the relative propor- 
tions in which they exist in the boiler water. When the tempera- 
ture of the steam in the turbine is lowered until saturated steam 
exists these salts will be dissolved and thus wash off of the blades. 
The experience which turbine operators have had with washing 
of turbines confirms this. 


Fie. 2 ASSEMBLY OF APPARATUS 


stations was in range of 600 lb and 700 F, a concentration of 
about 80 per cent sodium hydroxide would result. In order to 
simplify the construction of the test apparatus the tests were 
run at 45 lb per sq in. abs and 400 to 700 F, with a pressure of 
0.8 Ib in the blade chamber. Reference to the curve in Fig. 1 
will show that under these conditions the sodium hydroxide 
should reach a concentration of between 85 and 90 per cent. 
This concentration is in the range of that reached in turbines. 
The orifice was 1/15 in. in diameter and the blade was set at an 
angle of 30 deg to the line of steam flow leaving the orifice. 

The first tests were run for 22 hr with 2 grams sodium hydroxide 
added to the contaminator and the temperature of the super- 
heated steam varied between 400 and 700 F. Deposits formed 
on the blades. The theoretical composition of the sodium hy- 
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droxide in the steam at the time of contact with the blade during 
these tests varied from about 85 per cent at 400 F to about 98 
per cent at 700 F. Tests run with distilled water alone in the 
contaminator gave clean blades. When sodium chloride was 
added to the contaminator and tests run at 500 F, no deposit 
formed on the blade in the area of high velocity. Similar tests 
with sodium sulphate gave like results. Trisodium phosphate 
and sodium silicate both formed deposits on the blade. 

The sodium-hydroxide, silicate, and phosphate deposits were 
formed bec:.use hydroxide was present in all these salts. If this 


the contaminated steam which 
would neutralize the hydroxide 
should prevent the hydroxide 
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Contro/ 
Gage 
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nation of the steam was excessive in the early period of the test. 
This was shown by the fact that with a constant water level in the 
contaminator the concentration of the contaminating salts 
steadily decreased. At the same time it was almost impossible 
to know the amount of contamination in the steam at any par- 
ticular time. 

In order to overcome these objections the apparatus was re- 
designed as shown in Fig. 3. The blades were made from watch 
springs (*/s in. by 0.020 in.) and were removed at the end of each 
test. The steam nozzle was made by slotting the end of the tube 


Contaminator 
Pressure Gage 


Pressure 
a Vacuum H 


is true, any chemical added to 
Gage 


from forming. In order to prove 
this hypothesis the apparatus 
was modified so that carbon di- 
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present in excess, should react 
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sodium carbonate. This salt 
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should exist as a dry powder in 
the steam and no deposit should 
form. When carbon dioxide was 
added after contamination with 
sodium hydroxide, sodium sili- 
cate, and sodium phosphate, no 
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. deposits formed. This showed 
conclusively that the sodium hy- 
droxide was the binding or ad- 
hering agent, and if it were changed to carbonate prior to reach- 
ing the blade, no deposit would form. 

In order to study the possibility of the utilization of carbon- 
dioxide treatment the apparatus was modified so that the carbon 
dioxide could be added to the superheated steam instead of the 
wet steam. When tests were run using this method of treatment 
the deposits continued to form even when large excesses of carbon 
dioxide were present. 

This change in the action of the carbon dioxide is easily ex- 
plained. When the gas is added to the wet steam the sodium 
hydroxide in the droplets of water is in a dilute solution. In 
this state the carbon dioxide also is soluble in the water de- 
pending upon its partial pressure in the steam. As the two chemi- 
cals are in dilute solutions, they are strongly ionized and will 
react readily so that the sodium carbonate is formed before the 
steam is superheated. However, when the steam is superheated 
before adding the carbon dioxide the excess water present is con- 
verted to steam and the sodium hydroxide is present in the form 
of a highly concentrated solution, more than 80 per cent NaOH. 
In such a solution the hydroxide is only slightly ionized, the car- 
bon dioxide is present in the steam as a dry gas, consequently 
there is practically no reaction between the gas and the sodium 
hydroxide. This appeared to make the carbon-dioxide method 
of treatment rather complicated. 


CONCENTRATION OF Caustic NECESSARY FOR Deposit 


After this substantiation of the hypothesis that sodium hy- 
droxide is the basic adhering material in the turbine-blade de- 
posits it seemed desirable to obtain further data on the limiting 
concentration of sodium hydroxide in the steam which would 
cause blade deposition and on other methods of prevention of 
this troublesome deposit. 

In the apparatus already described the carry over or contami- 


Fic. 3 ASSEMBLY OF APPARATUS, REDESIGNED 


and this brought a sheet of steam in contact with a curved blade 
in a manner similar to that in which the steam strikes the blade 
of a turbine. 

The contamination was brought about by pumping the solu- 
tion containing the desired concentration of chemicals into a 
small reservoir where it was held at a definite pressure by means 
of a ball-seat pressure regulator. The excess liquid leaving the 
regulator was returned to the pump suction. The reservoir was 
connected through a small capillary orifice to the steam line 
ahead of the superheater. The steam pressure was maintained 
constant by means of a steam pressure regulator connected 
through relays to electrical heat controls on the boiler 

With a constant pressure drop across the orifice the amount 
of contaminating liquid entering the steam through the orifice 
was constant and depended upon the pressure drop across 
the orifice which was under definite control. About 0.55 
+ 0.02 lb per lb per hour of contaminating liquid was fed into 
the steam. The total amount of steam—steam from boiler plus 
steam from contaminator liquid vaporized in the superheater— 
passing through the nozzle was about 10 lb per hr. 

The water fed to the boiler was condensed steam from thesteam- 
heating system which had passed through an electrically heated 
boiling deaerating heater prior to being pumped to the boiler. 
The boiler pressure was maintained at 40 lb gage. Several pres- 
sures in the chamber holding the blade were used. 

Tests were then run using the new apparatus and holding the 
vacuum in the blade chamber at 20 in. of mercury. With the 
sodium hydroxide in the steam (calculated) at 48, 18, 5, 2, and 
1.5 ppm deposits formed in 20-hr tests. Tests in which distilled 
water was added to the steam gave no deposit. When the steam 
was passed through the nozzle there was a marked change in ve- 
locity. The calculated velocity in the steam line ahead of the 
nozzle was 21.5 fps. The velocity through the nozzle was 1175 
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Fig. 4 PxHoroGrapus oF BLADES AFTER TESTS 


fps, and the velocity past the blade was 950 fps. Thus the ve- 
locity at point of contact with the blade was approximately 
1000 fps. 

The maintenance of a vacuum in the blade holder complicated 
the operation of the test. Consequently, tests were run in which 
atmospheric pressure was maintained in the blade holder. With 
such a change in conditions the velocity of the steam in the holder 
dropped from a nozzle velocity of 1175 fps to 320 fps. Undoubt- 
edly the velocity at the point of impact with the blade was still 
in the range of 1000 fps. Tests run under these conditions with 
4, 5, 4.0, 3.2, and 2 ppm of sodium hydroxide added to the steam 
gave deposits in the 20-hr tests. This showed that a deposit 
would form with the sodium-hydroxide content of 2 ppm in 20 
hr. The remainder of the tests were run at this pressure unless 
otherwise noted. 

Sodium sulphate alone was added so as to have 10 ppm in the 
steam and no deposit formed. A mixture of sodium hydroxide 
and sulphate was then added so that the NaOH was 4.2 and the 
Na,SO, 8.6 ppm in the steam and small deposits formed, but not as 
much as that formed by the sodium hydroxide in the absence of 
the sodium sulphate. The sodium hydroxide was then increased 
to 5.8 and the sulphate to 25 ppm and no deposit formed. This 
test was followed by one with a sodium-hydroxide concentration 
of 2.9 ppm and no sulphate. A definite deposit formed. This 
appeared to indicate that the sulphate was preventing the hy- 
droxide from adhering to the blade. 

Tests were then run with the sodium-hydroxide concentration 
held constant at 3 ppm and the temperature at 350, 400, and 
615 F. A deposit formed in all these tests, indicating that 
changing the temperature did not have much effect upon the 
tendency of the sodium hydroxide to adhere to the blade. 

The theoretical composition of the sodium hydroxide in the 
steam leaving the nozzle and in the blade holder are given in 
Table 1 for these temperatures. This shows that the caustic soda 
is adhering over a range of approximately 50 to 93 per cent and 
possibly a greater range, and illustrates the fact that tempera- 
ture does not materially affect the tendency to deposit if the steam 
is superheated. 

The procedure followed in running these tests involved attach- 


ing the blade holder after the steam was superheated and _re- 
moving it while the steam was still superheated. Modification 
of this procedure so as to attach the blade holder before the steam 
was superheated but while the caustic solution was being pumped 
into the steam gave a condensate having a distinct caustic alka- 
linity which corresponded with the theoretical contamination 
However, when the steam was superheated the condensate was 
practically free from sodium hydroxide. This showed clearly 
that the sodium hydroxide was being removed prior to the con- 
densing of the steam. The deposit on the blade showed that the 
last bit of sodium hydroxide was being removed there. 

It was doubtful that all the sodium hydroxide was being re- 
moved at the blade since a large amount was undoubtedly being 
removed in the superheater and piping ahead of the nozzle. At 
the end of each run the wet steam was run through the super- 
heater and pipe after the blade holder had been removed. This 
contained appreciable amounts of caustic soda and proved that 
it was depositing in the superheater. 

In order to determine the actual amount of sodium hydroxide 
in the steam at the nozzle and to see how completely it was being 
removed at the blade the apparatus was redesigned so that the 
conductance and pH value of samples of the contaminated steam 
and condensed steam before and after the blade holder could be 
determined. The boiler, superheater, blade holder, and con- 
denser were the same as those previously used. A steam sampler 
was installed just ahead of the nozzle. The */s-in. steam pipe 
was expanded into a 1!/,-in. pipe in which two !/3 in. tubes had 
been inserted. These were drilled with small holes. The !/s-in. 
TABLE 1 THEORETICAL CONCENTRATION OF SODIUM HY- 

DROXIDE IN STEAM BEFORE AND AFTER NOZZLE 


-—NaOH in steam— 
Before In blade 
nozzle, holder, 

per cent per cent 


Steam 
temp, 
F 


Pressure 
in blade 
holder 


Steam press, 
gage, lb per 


tubes passed through condensers to a valve on the cool side of the 
condenser. In this manner a small amount of the contaminated 
superheated steam was removed continuously from the steam, 
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condensed under pressure, cooled, removed, and passed, without 
exposure to the air, to a conductivity cell and a glass electrode. 
Thus the conductance and the pH value of the condensed con- 
taminated steam were determined. The condensed steam leaving 
the condenser after the steam had passed over the blade was also 
passed through a conductivity cell and a glass electrode. A 
comparison could thus be made of the values obtained from the 
condensed steam. 

Distilled water was used for make-up. It was passed through 
the electrically heated boiling deaerating heater to remove dis- 
solved gases such as oxygen and nitrogen and was pumped to 
the boiler. With this type of boiler feedwater the condensed 
steam from the boiler had a conductance of 0.05 * 107° mho or 
less. 

When feedwater of this better quality was used the test procedure 
was modified so that the larger blade was weighed before and 
after the tests. The time of the tests was reduced from 20 to 
5'/2 hr. Tests for carbon dioxide were also run on the con- 
densed steam after the blade in some cases. 

Tests were run under these new conditions. 
photographs taken of the blades after the tests. The blades 
have been flattened out. These results are interesting because 
they show that when sodium hydroxide is added to the steam in 
amounts as low as 0.55 ppm appreciable deposits, 2.7 mg in 5!/2 
hr, formed. This concentration in the steam is a maximum 
value. 

The results in Table 2 also show that sodium sulphate and di- 
TABLE 2 RESULTS OF TESTS USING STEAM CONTAMINATED 

WITH SULPHATE, CHLORIDE, AND PHOSPHATE 


(Steam pressure 40 lb gage; steam temperature 500 F; pressure in blade 
holder, atmospheric; conductance of boiler feedwater, between 0.33 and 
0.50 X 10°* mho) 


Fig. 4 shows 


Increase 
Chemical contami- Specific conductance in CO; 
nation in steam Xx 10°* mho, condensed weight after 
Test ahead of super- -——-steam samples-—— of blade, blade, 
no. heater, ppm Before blade After blade mg ppm 
137B None 1.00 0.91 0.83 0.0 aan a 
156 5.9 NaeSO 3.72 3.67 2.38 0.2 0.9 
158 5.5 NaCl 2.15 2.21 1.42 1.5 0. 
160 1.3 NaH:PO, 1.68 1.38 1.33 0.0 0.4 
159 5.4 NasPO« 6.90 5.95 3.38 3.3 1.0 


sodium phosphate did not cause deposits to form, whereas tri- 
sodium phosphate and sodium chloride caused small deposits to 
form. 


PREVENTION OF DEPOSIT 


Table 3 shows the results of tests run with varying amounts of 
sodium sulphate when the sodium-hydroxide content was con- 
stant. When the ratio of the sodium sulphate to the sodium 
hydroxide was 4.4 and greater the deposit did not form. This 
checked with the previous results and indicated that the presence 
of a sufficient amount of sodium sulphate with the sodium hy- 
droxide prevents the formation of a deposit on the blade. 

The addition of sodium chloride to the sodium sulphate so that 
the ratio of sodium sulphate to sodium hydroxide was 3.3 and 
sodium chloride to sodium hydroxide was 2.5, or the ratio of the 
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total of the sodium sulphate and chloride to the sodium hydrox- 
ide was 5.8, did not entirely prevent the deposit; however, the 
deposit was less than it would have heen with the sulphate alone 
present with the hydroxide, indicating that sodium chloride when 
present with the sulphate aids in the prevention of the deposit. 

The presence of silicate along with the hydroxide tended to 
decrease formation of the deposit. When the sodium sulphate 
was present in an amount four times the sodium hydroxide, only 
a small deposit formed. This indicated that the sulphate was 
also effective in the presence of the silicate. 
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Fic. 5 Apparatus Usep ror H1IGHER-PRESSURE TESTS AND 
CONTAMINATION OF STEAM BoILeR WATER 


EFFect oF CONTAMINATING THE STEAM WirH BorLeR WATER 


In the tests previously run the contamination was accomplished 
by adding the desired chemicals to the steam. This showed that 
if these chemicals were present in the steam the deposits could be 
formed or prevented. However, it seemed advisable to deter- 
mine the actual ratios of the inhibiting chemicals necessary in 


TABLE 3 RESULTS OF TESTS USING STEAM CONTAMINATED WITH SODIUM HYDROXIDE, SULPHATE, AND CHLORIDE 
(Steam pressure 40 lb gage; steam temperature 500 F; pressure in blade holder, atmospheric; conductance of boiler feedwater, between 0.33 and 0.50 x 1078 


mho) 
Chemical contamination in steam Increase CO: 

-——ahead of superheater——. Ratio— Specific conductance X mho, jn weight after 
Test NaOH, Na:SOu, NaCl, NaSOs NaCl -——condensed steam samples—— ‘of blade, blade, Before After 
no. ppm ppm ppm NaOH NaOH Before blade After blade mg ppm blade blade 
139 1.67 0.0 1.70 1.89 0.88 “at 6.3 
145 1.50 5.5 an 3.66 oa 1.87 2.28 1.17 1.5 1.3 ee 6.3 
147 1.50 6.6 aa 4.4 he 2.14 2.15 1.53 0.3 aoe wee 6.3 
150 1.23 5.2 2 4.2 a 1.75 1.93 1.47 1.6 i aud 6.2 
214 1.85 9.25 5.0 4.13 3.18 0.2 
138 1.54 11.3 7.3 4.65 4.55 3.03 0.0 6.7 
148 1.50 5.0 3.7 3.3 2.5 1.23 1.29 1.24 0.5 0.7 : 6.2 
146 1.6 vi 3.0 “p 1.8 1.52 1.86 1.00 5.4 0.7 a 6.2 
215 1.80 9.02 1.80 5.0 1.0 ake 5.30 4.03 0.1 or 8.3! 8.4! 


! Using steel condenser, others using copper condenser. 
also present 1.1 X NaOH. 
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TABLE 4 RESULTS OF TESTS USING STEAM CONTAMINATED WITH BOILER WATER 
(Steam pressure 600 lb gage; steam temperature 700 F; pressure in lee - lb gage; conductance of boiler feedwater, between 0.33 and 0.50 
mho 


Concentration of salts in boiler 

—water 
NaCl, 
ppm 


——Ratio——~ 


NaCl 
NaOH 


NaOH, Na:SO,, 


ppm 


437 4.37 
0. 
0.28 


100 
72 


632 
1360 


! Steel condensers. 


the boiler water to prevent deposits. In such tests the contami- 
nation of the steam would result entirely from carry over from 
the boiler and the results would be more readily applied to actual 
operation. 

The apparatus used for these tests is shown in Fig. 5. The 
superheater and the equipment beyond the boiler involved the 
same type of equipment as used before, except high-pressure 
fittings were used and stainless-steel pipe (18-8) was used for the 
superheater and subsequent piping. The boiler involved the 
use of seven 1.1-kw electric heating cartridges. These were 
inserted from the bottom into tubes welded into the bottom of 
the boiler. The water level and the behavior of the solution 
during boiling was observed by means of sight glasses placed on 
opposite sides of the boiler. The heat imput was controlled by 
means of potentiometer temperature regulators so as to maintain 
constant temperature and pressure in the boiler. The boiler 
feedwater was the same as previously described. The chemical 
contamination of the boiler water was accomplished by pump- 
ing the desired amount of chemical into the boiler at the begin- 
ning of the tests. Samples of*the boiler water were taken for 
analysis at the beginning and end of each test. Condensed 
steam samples were taken ahead of the superheater, ahead of the 
nozzle and beyond the blade holder and the conductance and 
pH values were determined. These tests were run for 5!/2 hr 
at a steam pressure of 600 lb per sq in. and a total steam tempera- 
ture of 700 F. The orifice was changed to a round hole, No. 75 
drill, instead of a slot. The pressure in the blade holder was 
changed from atmospheric to 500 lb per sq in. gage, thus giving 
a pressure drop of 100 lb across the nozzle. The amount of 
steam passing through the nozzle per hour was the same as in 
the previous lower-pressure tests. 

When these tests were started the blades were found to be 
coated with a film of what appeared to be magnetic oxide. This 
coating formed all over the blade and appeared to be the result 
of a reaction between the superheated steam and the steel in 
the blade. When the pressure was dropped to 300 lb and the 
temperature to 500 F, this action stopped. Stainless-steel blades, 
18 chromium, 8 nickel, were substituted for the steel blades. 
When the steam was of high quality and apparently contained 
no sodium hydroxide, the blade remained clean and was not at- 
tacked by the steam. When the boiler water contained sodiura 
hydroxide the blades were attacked and became so brittle that 
they broke upon being removed. Substitution of monel-metal 
blades appeared to overcome these difficulties and a series of 
tests was run with this type of blade. The results of these tests 
are given in Table 4. 


PLANT EXPERIMENTS 


The results reported from many power plants indicate that 
the detection of the difficulty encountered with blade deposits 
is mainly in the form of loss of capacity. The efficiency loss 
becomes appreciable before capacity loss is detected. When 
capacity loss is noticed the deposits have formed, and they must 
be removed to obtain normal operation. Thus if the water treat- 
ment is to be studied or modified to prevent the deposits from 


NaOH 


Specific conductance X 10~¢ mho, 


condensed steam samples of blade, 
Before blade After blade 


forming, it is advisable to have a rapid method of studying the 
effect on the formation or prevention of deposits. Early in the 
research, attempts were made to devise a small testing unit which 
could be used to test samples of the steam in an operating plant 
and tell in a relatively short period of testing whether the steam 
would cause blade deposits or not. If such a unit could be de- 
vised, a definite study could be made on the effect of modification 
of water treatment on the deposits formed without waiting for the 
effect to be noticeable at the turbine. 

A small test unit was made which would allow a small amount 
of the steam from the heater just ahead the turbine to flow 
through a nozzle, strike a section of regular turbine blades, and 
then exhaust through a regulating valve. With data relative to 
the temperature, pressure, and size of nozzle available, the 
velocity of the steam passing the blade and the quantity per unit 
of time could be calculated. The blade could be removed at 
any time desired and the amount of deposit formed determined 
by weighing. 
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Fie. 6 Test Unit Usep 1n Piant Tests 


Fig. 6 is a drawing of the test unit developed and used in the 
plant tests. The steam passed through a nozzle and over sec- 
tions of regular turbine blades. Leaving the blades, the steam 
passed out of the unit and was piped through a valve to a de- 
sired point for disposal. By regulation of the exhaust valve the 
pressure in the chamber holding the blade could be held at any 
desired value. The temperature was determined by means of 
a thermocouple inserted in a well. The blade was cleaned, dried, 
weighed, and inserted into the holder. The cover was then bolted 
on and the steam pressure adjusted to the desired value. At th 
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TABLE 5 RESULTS OF TURBINE-BLADE DEPOSIT DETECTOR TESTS 
Steam conditic Blade deposit————. Boiler-water analysis———-—— 
——Nozzle— Total Mg Total P 
Flow, ess, flow, |b Duration per mil- Dis-__ alkali Ratio, 
Test Starting Ib per Ibper Temp, (thou- of test, No. 1 blade No. 2 blade lion lb solved as a2SOy 
no. date hr sq in F sands) br 4 £ steam solids NazCOs POs pH NaSOs Total 
1 4/11/34 870 346 668 45 53 0.0060 0.0053 251 170 74 52 10.2 26 0.1 
2 4/16/34 870 345 666 205 234 0.0244 0.0211 221 182 70 50 10.1 28 0.3 
3 4/26/34 430 415 686 112 260 0.0178 0.0175 310 198 83 44 10.2 30 0.4 
4 5/ 8/34 430 415 675 22 0.0008 0.0013 dad 203 86 10.1 31 0.4 
5T 10/25/34 870 415 665 102 117 0.0014 0.0053 66 via 140 10.7 640 4.6 
6T 10/30/34 870 415 660 119 137 0.0008 0.0016 20 150 75 10.8 655 4.3 
7T 1l/ 5/34 870 415 670 87 100 0.0006 0.0032 44 1 5 10.9 630 3.9 
8T 11/12/34 870 415 675 65 75 0.0004 0. 20 1 95 10.9 625 3.5 
oT 11/15/34 870 415 670 166 191 0.0014 0.0028 31 170 60 10.9 500 2.9 
10T 11/23/34 870 415 660 143 164 0.0007 0.0011 13 120 60 10.8 470 3.9 
11T 11/30/34 tee 415 650 89 167 0.0156 0. 0 242 170 65 10.9 580 3.4 
an 
12T 12/ 7/34 460 415 640 75 162 0.0008 0.0011 25 190 60 11.0 420 2.3 
13T 12/17/34 460 415 635 12% 268 0.0008 0.0018 21 230 60 11.2 380 1.6 
14T 12/28/34 460 415 640! 154 336 0.0045 0.0081 82 250 60 11.1 420 1.6 
15T 1/11/35 460 415 640! 75 163 0.0003 0. 12 225 50 11.0 475 2.1 
16T 1/18/35 550 415 640! 94 171 0.0017 0.002 45 240 40 11.2 540 2.2 
17T 1/25/35 550 415 640! 93 168 0.0064 0.0097 173 230 40 11.1 590 2.5 
18T 4/35 550 415 640! 54 0.0002 0.0002 7 195 45 11.1 500 2.5 
19T 2/ 8/35 460 415 640! 77 167 0.0014 0.0024 44 190 40 pa Be 540 2.8 
20T 2/15/35 460 415 640! 65 141 0.0010 0.0036 71 195 40 33.3 530 2.7 
21T 2/21/35 460 415 640! 88 192 0.0044 0.0058 116 230 60 11.1 510 2.2 
Approximate. 
W= Turbines Washed Overhaul! 
\w \w Ww (w had iw hid w 
T T T T T T T TTT T 
1100 
1000 Ratio Na, SO, V 
Total Alkalinity- 
900 \ 4 2 
700 Naz S04. | 
| Vy Aw 
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\ Total Alkalinity, 
300 as Na, co; 
100 O A 
aN 
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end of the test the steam was shut off, the blade removed while 
still hot, cooled in a desiccator, and weighed. The amount of 
steam passing through the unit was calculated and the amount of 
deposit per unit of steam was determined. The deposit formed 
was reported in milligrams per million pounds of steam passing 
through the unit. 

The unit was tested in a central plant operating at a pressure 
of 600 Ib per sq in. and a temperature of 725 F. The steam 
pressure at the nozzle was between 350 and 520 lb per sq in. and 
the temperature between 635 and 725 F. The pressure drop 
through the unit was adjusted so as to obtain the desired rate of 
flow. This was beld at 870 lb per hr in the majority of tests and 
was accomplished with a pressure drop of 100 lb. With this 
pressure drop the velocity of the steam passing the blades was 
about 460 fps. Table 5 gives the results of the tests run with the 
test unit. 

The unit was installed on a line connected to the steam header 
just ahead of the turbine. The first test was run for 53 hr and 
gave a total deposit of 11.3 mg or at the rate of 251 mg per mil- 
lion pounds of steam. The next test was run under the same 
conditions for 234 hr and the amount of deposit was 45.5 mg 
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and the rate of deposit was 221 mg per million pounds of steam. : 
This indicated that the rate was almost constant and a test of 
52 hr was sufficient to detect the amount of deposit forming. 

In the next test the rate of flow was lowered from 870 to 430 
lb per hr, which changed the velocity from 460 to 140 fps. The - 
deposit increased forming at a rate of 310 mg per million pounds: 
of steam. This third test showed that the deposit would form 
over a wide range of steam flow through the unit. During these 
tests the regular water treatment was in use and the plant was ° 
experiencing difficulty with blade deposits. The turbine was 
washed every four weeks. 

Fig. 7 shows the average boiler-water conditions during these 
tests and the time of turbine washings. The boiler-water treat- - 
ment was modified early in October, 1934, to increase the sulphate 
concentrations so that they would be similar to those found 
advisable in the laboratory tests. In order to obtain the desired 
sulphate, sodium sulphite was added. The sulphite would react 
with the small amount of oxygen present and reduce corrosion. 
The sulphate formed would aid in the prevention of blade de- 
posits. 

The sodium-sulphate content before the addition of the sul- 
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phite was between 15 and 30 ppm and is not shown. At the time 
of change in water treatment the sodium-hydroxide content was 
also increased with a corresponding change in pH value. All of 
these changes increased the total dissolved solids in the boiler 
water from a maximum of 260 ppm to about 1200 ppm. The 
ratio of the sodium sulphate to total alkalinity increased to a 
range between 3.5 and 4.6 for the period between October 1 and 
November 11. 

The turbine was washed on July 22 and not washed until Sept. 
2, a duration of six weeks instead of four weeks as usual. The loss 
due to blade deposits, calculated from increase in stage pressure 
over that of clean turbine, was greater at the end of these six 
weeks than for a regular four-week period, as was to be expected. 
The water treatment was changed about October 1, a period of 
four weeks after the turbine had been washed. At this time the 
tests of the turbine showed about the regular amount of loss due 
to deposits. The turbine was not washed. The deposit did 
not appear to increase as rapidly as before the changes in water 
treatment and the turbine was allowed to run until November 
11 before washing. The deposit did not appear to be causing any 
more difficulty at the end of the ten weeks than at the end of the 
first four weeks. 

Tests run on the small testing unit during the period after 
change in water treatment showed a deposit rate of between 
20 and 66 mg per million pounds of steam as compared to 250 
mg per million pounds of steam prior to the change, a reduction 
of about 90 per cent in the deposit. The amounts of deposits 
weighed were about 0.5 mg which was about the limit of accuracy 
of weighing. These results appeared to indicate that the deposit 
was being materially reduced. 

The turbine was not washed again until February 3, a duration 
of twelve weeks. During this period the sodium sulphate to 
total-alkalinity ratio dropped from 3.5 to 1.6 and was 2.5 at the 
time of washing. The turbine was taken out of service on March 
24, for overhauling and inspection, and was washed to aid in 
cooling. When the turbine was opened it was found free from 
deposits, indicating that if any deposits were forming they were 
all removed by washing. 

While the turbine was out of service the method of adding the 
sodium sulphite was changed from intermittent dosage to a 
continuous feed. It was hoped that this would give a better 
control of chemical feed and thus show a more consistent sul- 
phate concentration. However, the sulphite was added at a 
point where appreciable oxygen was present, ahead of the heaters, 
and this brought about an increase in the sulphate formed. The 
sulphate content increased to a much higher value than was pre- 
viously maintained. 

When the turbine went back into service blade-deposit forma- 
tion appeared to be slow. The turbine was not washed again 
until July 14, a duration of 14 weeks. Thus the time of washing 
was changed from four-week periods prior to the change in water 
treatment to an average of 12 weeks; and this change resulted 
during the period when the control of the water treatment was 
in the experimental stage. 


DISCUSSION OF RESULTS 


The results of these studies indicate that the turbine-blade 
fouling is caused by chemicals carried into the steam from the 
boiler water. The amount of this contamination does not have 
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to be large and steam which would normally be referred to as 
being of excellent quality might cause a great amount of deposit. 
The chemical causing the major portion of the difficulty appears 
to be sodium hydroxide. This is present in practically all boiler 
waters and when carried with steam that is superheated forms a 
concentrated sticky solution. This sticky material forms the 
basic binder and adheres to the turbine blades. Other salts 
present in the form of a dry powder would normally be swept 
past the blades. However, when caustic soda is present these 
salts adhere with the pasty caustic. This may cause a deposit in 
which the relative proportions of the constituents bear no relation- 
ship to the ratios in which they occur in the boiler water. 

The amount of deposit is not proportional to the carry over 
from the boiler, but depends upon the relationship which exists 
between the various salts in the boiler water. Thus high hydrox- 
ide in respect to the total solids may cause an excessive deposition 
even with a low concentration of sodium hydroxide in the boiler 
water. However, a boiler water with a sodium-hydroxide con- 
tent low with respect to the total solids present but high in concen- 
tration might not cause a deposit. This is because salts other 
than sodium hydroxide apparently aid in the prevention of the 
deposits. 

The salts which form a dry powder in the superheated steam 
apparently adhere to the surface of the droplet of concentrated 
pasty sodium hydroxide, and if present in sufficient amount 
entirely coat the particle and allow it to pass through the turbine 
without sticking to the blades. Such a method of prevention 
naturally requires large amounts of the dry powder in proportion 
to the sticky material. The plant tests and laboratory experi- 
ments indicate that if sodium sulphate is to be used to prevent 
turbine fouling it must be present in amounts greater than four 
or five times the actual sodium hydroxide present. Power-plant 
operators hesitate to increase the total solids in the boiler water 
because they fear carry over. However, if this is properly con- 
trolled and the carry over does not become excessive, the deposits 
will be prevented. 

The application of the inorganic-salt treatment to one large 
central power plant while still in the experimental stage showed 
that the period of turbine washings were reduced from four weeks 
to about twelve weeks, or from twelve times a year to four. 
It is quite possible that when the water treatment is better 
understood washing in this plant may be entirely eliminated. 
The cost of the treatment used has been low, less than $500 
per year, and the savings have been materially high since cor- 
rosion has also been reduced. 

The application of these data to power-plant operation should 
be made only after a careful study of the conditions existing at 
the particular plant and changes which are made should be under 
the control of a chemical engineer who thoroughly understands 
this field of water treatment. 


CONCLUSIONS 


A summary of conclusions drawn from the results of this work 
is as follows: 

(1) The basic material causing turbine-blade fouling is 
sodium hydroxide. 

(2) Inorganic salts, such as sulphate, chloride, and carbon- 
ates, if present in sufficient amounts, will prevent turbine-blade 
fouling. 
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Cavitation Testing of Model Hydraulic Tur- 
bines and Its Bearing on Design and Operation 


By L. M. DAVIS, HOLTWOOD, PA. 


The author discusses cavitation tests made with model 
turbines at the Holtwood hydraulic laboratory of the 
Pennsylvania Water and Power Company and points out 
benefits which have been realized therefrom. In addition 
to presenting the results of these tests the author com- 
pares them with results obtained by other investigators 
in this field. The author presents his views regarding the 


HE Holtwood hydraulic laboratory was put into operation 

early in the summer of 1930 and since that time has been 

in almost constant use. Although most of the work done in 
the laboratory has been in connection with the Safe Harbor 
development, turbine models of three large projects have been 
tested for manufacturers on a rental basis. 

Since the initial Safe Harbor development is now complete, it 
seems desirable to review the accomplishments of the laboratory 
and to point out what benefits have been realized from the re- 
search which has been conducted. 

The laboratory shown in Fig. 1 is laid out to accommodate 
normally a model 16 in. in diameter. The pressure chamber is 
12 ft by 18 ft inside, so that scroll cases of the desired design may 
be constructed of wood or other material. 

The wheel setting is vertical, and directly below the runner 
there is an observation chamber in which elbow draft tubes of the 
shape desired may be constructed. The discharge passes a 
diaphragm separating the observation chamber from a vacuum 
chamber, so called because it may be necessary to produce a 
vacuum in the space above the water in order to maintain the 
level sufficiently high to seal the draft tube. The set-up allows 
sufficient flexibility so that spreading tubes, oreven straight conical 
tubes, may be tested, providing a collector is used to direct the 
discharge into the vacuum chamber. A more detailed description 
of the laboratory may be found in two previously published 
papers.?: 

In making complete tests of a model the procedure is first to 
determine the efficiency characteristics in the usual manner, 
except that with a movable-blade runner there is one more vari- 


1 Hydraulic Test Engineer, Pennsylvania Water and Power Com- 
pany. Mr. Davis received his C.E. degree at Cornell University in 
1923. For five years following graduation he was in the employ of 
the Niagara Falls Power Company as engineer of hydraulics. The 
next two years he spent on hydro-power-plant design for the Alumi- 
num Company of America. Since 1930 he has been associated with 
his present concern, during which period the Safe Harbor turbines 
were designed. 

2“Safe Harbor Kaplan Turbines,”’ by G. W. Spaulding and 
L. M. Davis, Electrical Engineering, October, 1932, vol. 51, pp. 728- 
733. 

3“*Model Testing at Holtwood Hydraulic Laboratory,” by L. M. 
Davis, published by Pennsylvania Water & Power Company, Holt- 
wood, Pa., May, 1934. 

Contributed by the Hydraulic Division for presentation at the 
Annual Meeting of Tue AMERICAN SocrETY OF MECHANICAL ENGI- 
NEERS to be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1936, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


further application of the equipment in the Holtwood labo- 
ratory for the purpose of investigating various elements 
in the design of turbines which may have some bearing 
on their cavitation characteristics. He points out the 
need of coordinating the results of cavitation investiga- 
tions now being conducted in various laboratories so that 
the industry as a whole may be benefited thereby. 


able to be considered. Tests are made by adjusting the dyna- 
mometer to cover the range of speeds desired, observations being 
taken of the speed, the quantity of water used, the power out- 
put, and the head. The water quantity is measured by a 36-in. 
and 15-in. venturi meter, the output of the wheel by an electrical 
dynamometer capable of absorbing 300 hp, the speed by a syn- 
chronous timer driven by an a-e generator geared directly to the 
dynamometer shaft, the headwater elevation by a mercury ma- 
nometer connected to piezometers in the pressure chamber, and 
the tailwater elevation by a float gage connected to pressure ori- 
fices in the vacuum chamber. 

For each blade angle, curves are drawn as shown in Fig. 2 for 
appropriate gate openings, selecting these gate openings so that 
the most efficient combination of blade and gate will be bracketed. 
By adjusting the torque absorbed by the dynamometer, the speed 
may be varied over the desired range which is dictated by the 
need of including the extreme values of ¢, which is the ratio be- 
tween the peripheral speed of the runner and the theoretical 
spouting velocity of the water, which corresponds to the synchro- 
nous speed of the prototype and the maximum and minimum 
heads at which it may be operated. These tests are run at a very 
low, or even negative, draft head in order to create as great a 
pressure around the blading as possible, and thus preclude any 
likelihood of the results’ being affected by separation between 
the water and the blades, which is cavitation. 

After a series of such tests, one for each blade angle, the com- 
plete efficiency characteristics of the unit can be plotted. In this 
way the efficiency curves for the values of ¢ for the various heads 
in the prototype may be determined. More important, as far as 
subsequent cavitation tests are concerned, is the selection of the 
gate openings which will bracket the best combinations of blade 
and gate for each value of ¢. 

Tests must then be repeated for each value of blade and ¢ 
with individual series of tests for at least three gate openings; 
but while the foregoing are held constant, the headwater and 
tailwater levels are varied to change the ratio between draft 
head and total head. Any failure to maintain absolutely the 
right speed to correspond with the head actually used may be 
corrected on the basis of information obtained from the previous 
test in the same way that field tests are corrected to guaranteed 
head by means of the characteristics determined from model tests. 

As the draft head becomes greater there will be a tendency for 
the water to pull away from the underside of the blades with con- 
sequent alteration of the efficiency and output characteristies as 
determined in the first series of tests. Therefore, the object of 
this second series is to measure to what extent the draft head can 
be increased without causing this so-called cavitation. It is 
consequently necessary to adopt some criterion which may be 
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used for defining the conditions under which a given model will 
just begin to cavitate. 

L. F. Moody and F. H. Rogers have offered‘ a cavitation 
coefficient K, which is obtained from the equation 


where h, is the atmospheric-pressure head, ft; h,, is the absolute 
_pressure at the point of minimum pressure, ft; h, is the static 
draft head, ft; #, is the draft-tube efficiency; C2 is the absolute- 
discharge velocity from the runner, fps; g is the acceleration due 
to gravity, ft per sec per sec; and H is the total effective head on 
the turbine, ft. 

Inasmuch as cavitation is assumed to take place only when the 
lowest pressure h,, becomes equal to the vapor pressure, this 
substitution may be made, and the value to be used is a function 
of water temperature alone. To obtain a numerical value of K, 
it.is necessary also to know the draft-tube efficiency and the abso- 
lute discharge velocity. It should be noted that since all the terms 
in the right-hand side of the equation are expressed in feet of 
water, K, is dimensionless. 

D. Thoma originated the cavitation coefficient ¢ through his 
work at Munich. The physical meaning of this coefficient can 
be visualized by imagining the following sequence of events. 
Suppose the model turbine to be operating without cavitation 
under a constant head and with constant discharge. Since the 
forebay and tailrace elevations are variable, the tailrace can be 
lowered while the total head is maintained constant. As the draft 
head is thus increased, the pressure on certain parts of the runner 
blade will decrease. When the minimum pressure at any point 
on the blades just reaches the vapor pressure H,, cavitation is 
said to begin. Suppose the unit is shut down as soon as this 
condition is reached. After the turbine gates are closed, the abso- 


4 “Inter-Relation of Operation and Design of Hydraulic Turbines,” 
by L. F. Moody and F. H. Rogers, Engineers and Engineering, July, 
1925, vol. 42, no. 7, pp. 169-187. 


Fig. 2 Typicat Resu.ts or ¢-EFFIciency Tests 


lute pressure on the blades is obviously the barometric height H, 
minus the draft head H,. In the operation of the unit, the pres- 
sure at some point on the blades was, therefore, lowered from 
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H,— H, to the vapor pressure H,. This decrease in pressure is a 
function of velocity and in fact is proportional to the square of 
the discharge of the unit. Since the square of the discharge is 
proportional to the head, it follows that the reduction in pressure, 
H, — H,— H,, is itself proportional to the head. Therefore, it is 
possible to use in place of the pressure drop H, — H, — H,, which 
applies only to the conditions of the test, the ratio (H, — H, — 
H,)/H,, which applies to all heads and which is identified as ¢. 

Comparison between the Moody and the Thoma formulas 
shows marked similarity. The h, of the former is the same as H,, 
or barometric pressure, in the latter. Likewise the static draft 
head h, is the same as the suction head H,. It has already been 
pointed out that h,, is equal to H,. Consequently, the only dif- 
ference lies in Professor Moody’s term EC? /2g which is omitted 
by Dr. Thoma. The inclusion of this term simply means K, 
applies to the runner alone since correction is therein made for 
the effectiveness of the draft tube, whereas o applies to the wheel 
and setting as a whole. 

The results of the cavitation or o tests are shown in Fig. 3, 
where again efficiency, horsepower, and discharge are plotted, 
but this time as functions of «. These curves represent the re- 
sults of three gate openings corresponding to but a single combi- 
nation of blade angle and ¢, and similar tests must be conducted to 
cover all others in the range desired. Ordinarily, only the higher 
blade angles are of importance and from three to five values of ¢ 
are used generally to investigate fully the cavitation character- 
istics for the entire range of head used in the finished plant. 
From complete cavitation information at four or five values of @ 
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it is possible to cross-plot and obtain data for any intermediate 
value. 

It will be noted that on the right of Fig. 3 all of these curves 
become horizontal. The constant values correspond to those 
which have been observed in the preliminary ¢-efficiency tests. 

As o becomes smaller with greater draft head, there occurs 
a change in the ordinates. The point at which this occurs is 
known as the break in the curve, or the beginning of cavitation. 
The exact determination of this point depends somewhat on 
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judgment, and some variation will be found therein, but if 
several persons pick these points and results are plotted to form 
smooth curves, independent interpretations of the same data will 
agree satisfactorily. 

One criterion of the break is the dropping off in efficiency. 
Another is the increase in discharge. These will not coincide pre- 
cisely on account of the fact observed by Dr. Thoma that there 
is a slight tendency for efficiency to increase just as cavitation 
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starts which, he explains, is probably due to the decrease in skin 
friction. 

However, it has been observed that with some models the 
efficiency tends to decrease at a higher value of o than the point 
where the unit discharge starts to increase. It is felt that this is 
due to faulty design resulting in local cavitation which takes place 
at one or more points on the blade at draft heads somewhat lower 
than the draft head which causes cavitation over a general area. 

It has been the practice in the Holtwood hydraulic laboratory 
to use the break in the unit-discharge curve to determine critical c. 
If there is any great discrepancy between the break in the effi- 
ciency curve and the break in the unit-discharge curve, the more 
conservative should be used, although it is felt that this is an 
indication of defective design, and possible alterations to correct 
this discrepancy should be investigated. 

The question may be asked whether the break in the ¢ curve is 
affected by the head at which the test is conducted. Theoreti- 
cally there should be no effect and tests made at one head should 
be applicable to others. This matter was investigated by Prof. 
Wilhelm Spannhake, of Karlsruhe, whose laboratory was adapted 
particularly for experiments covering a wide range of heads from 
about 33 ft down to 5ft. It was found that especially at the very 
low heads there was a marked effect, but that for higher heads the 
break in o reaches practically a constant value which is independ- 
ent of further changes. Similar tests at much higher heads 
were performed at Holtwood without revealing any appreciable 
difference in ¢ at which the breaks occur. Therefore, it seems pref- 
erable, but not essential, that the cavitation test be made at a 
head closely approximating that of the prototype. 

The next step is to recapitulate the results of the foregoing 
tests. This is done by plotting the value of ¢ corresponding to 
the break against unit discharge as shown in Fig. 4. In order to 
determine the value of « at which cavitation begins when the 
unit is operated at the correct relation between gate and blade, 
the envelope of the individual efficiency curves is drawn, and 
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vertical lines are dropped from the points of tangency. The 
intersections of these verticals with the o versus unit-discharge 
curves for the corresponding blade angles locate points on the 
final curve representing the relation between o and discharge 
for a Kaplan unit when operating with the blade and gate in the 
proper relation to each other. This procedure is repeated for each 
value of ¢, thus giving in the end the plot shown in Fig. 5. By 
cross-plotting, curves may be obtained for any intermediate 
values of ¢. 

The group of curves given in Fig. 5 gives the complete cavita- 
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tion characteristics of the model for the range of @ indicated. 
From these curves the proper setting of a homologous runner for 
any installation with reference to tailwater for a given power out- 
put may be determined. 

One general characteristic of all tests so far has been the marked 
effect which the increasing of ¢ has had in aggravating the danger 
of cavitation. The practical application of knowledge gained 
through tests is illustrated by the adoption of a lower rotational 
speed for the most recent installation at Safe Harbor. This 
reduction proves to have resulted in a substantial increase in 
capacity in spite of the fact that judging only from the output-¢ 
characteristics of the model, the capacity would have been ad- 
versely affected. Therefore, it is apparent that when cavitation 
becomes a limiting factor, the urge for higher speeds for the sake 
of greater capacity and lower generator cost must be tempered. 
Since it is obvious that, without cavitation, increasing speed 
gives greater physical capacity, while the effect of increasing 
speed on power output as limited by cavitation is just the opposite, 
it becomes exceedingly important to explore completely the 
characteristics of a model before making a decision regarding 
the speed of rotation. 

The proper setting for the turbine with reference to tailwater 
elevation can be determined from Fig. 5 as soon as the runner 
diameter, speed, rated power, and total head are established. 
From the efficiency tests, the expected efficiency at the rated 
head and output may be determined and the discharge computed. 
The unit discharge may then be obtained, and from Fig. 5 the 
critical ¢ will be found. The values of all the terms in the formula 
for o have now been obtained except the draft head Hp, which is 
readily obtained. Adding this value of the draft head to the tail- 
water elevation gives the runner elevation which will give the 
desired output without cavitation. Since cavitation would be 
expected to result if the maximum output as determined by test 
were slightly exceeded, it is customary, as a factor of safety, to 
lower arbitrarily the setting a small amount. 

Not only is the determination of the critical ¢, which is the 
value of ¢ at which cavitation begins, useful in fixing the proper 
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height of setting, but conversely the laboratory results can be 
used to determine the allowable output under given conditions of 
forebay and tailwater level after the setting has been established. 

At this point distinction should be made between critical o as 
applied to the runner and plant o which refers to the plant. 
Both are expressed by the same formula, but obviously plant o 
must not be less than critical ¢ if avoidance of cavitation is to be 
expected. It is also clear that by assuming the critical value of 
@ equal to the plant o for any given H, and H,, the maximum 
allowable unit discharge can be read directly from the scale of 
abscissas in Fig. 5. 

Whereas it is probably correct, since cavitation is logically a 
function of water quantity, to derive the discharge for the pro- 
totype directly by stepping up from the model without allowance 
for improved efficiency, nevertheless hydraulic engineers are 
faced with a serious problem in determining the corresponding 
limiting power. In the investigations which have been made on 
the subject of the relation between maximum efficiency of the 
model and the prototype, no information has been made available 
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as to whether the increased efficiency is obtained as a result of 
increased output from the same quantity of water, or decreased 
quantity for the same output. Perhaps there may be a combina- 
tion of the two effects. It will be seen from Fig. 6, however, that 
as a practical matter it ordinarily makes very little difference 
whether better efficiency results from lowering the power-dis- 
charge curve or by shifting it to the right except for values near 
the extreme end of the curve. Thus, to find the prototype out- 
put corresponding to a discharge of Q’, case 1, it makes no ap- 
preciable difference whether we use curve A derived by reduction 
in discharge, or curve B derived from increase in output. How- 
ever, for a discharge of Q’, case 2, there may be some doubt 
as to whether cavitation will reduce the output from HP’ to 
HP" or whether HP” would still be above the physical ca- 
pacity HP’’’, and, therefore, not a limiting consideration. 
Therefore, it is sufficient in determining the output as limited 
by cavitation to assume increase in output in proportion to the 
expected rise in efficiency resulting from the computed reduction 
in hydraulic losses. On the other hand, there is great need for 
further investigation as to the exact nature of this shift by com- 
parison of the discharge versus output curves for various units 
which have been tested in the field. It is no longer sufficient for 
our purpose to use a formula by which an increase in maximum 
efficiency alone can be estimated. There is obviously a need for 
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further investigation before it may be considered that the prin- 
ciples of stepping-up performance curves are well understood. 
Uncertainty in this respect is apparent from the fact that the 
application of the formulas of three separate authorities to the 
result of the test on one model which has come to our attention 
is reported to have given answers differing by as much as 4 per 
cent. 

A convenient form for presenting the limiting power output 
for various head conditions is to draw constant limiting power- 
output lines using tailrace elevations as ordinates and forebay 
elevations as abscissas. To obtain this curve it is well first to 
develop a curve of limiting power output versus gross head, 
drawing lines of constant forebay elevation. Such a chart is 
useful in plant optration so that with varying conditions the 
risk involved in approaching the critical o of the runner is always 
the same. 

As cavitation data become available it is desirable to compare 
them so that progress in design may be noted and conclusions 
drawn as to the features which are or are not advantageous. 
Fig. 7 shows a plot of critical o versus unit discharge at rated @ 
for several models which have been tested in the Holtwood labora- 
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Fig. 7 CoMPARISON OF CAVITATION TESTS ON SEVERAL MODELS ON 
THE Basis or Unit DISCHARGE 


tory, together with other tests which have come to the author’s 
attention. 

While improvement can be expected with experience, this prog- 
ress, like efficiency, cannot go on indefinitely. There must be 
some limit beyond which further improvement is impossible. 

To illustrate this principle, there may be imagined a hypo- 
thetical turbine in which there would be no drop in pressure below 
the static pressure as the result of pressure difference on the two 
sides of the blade or irregularities of the pressure distribution 
along the blade; although this is clearly impossible, it is at least 
a limiting case. In spite of this, there would be a reduction in 
pressure simply by reason of the velocity through the throat. In 
other words the (H,— H,— H,), previously mentioned as the 
reduction of pressure caused by the operation of the turbine, 
now becomes only the velocity head of the water passing through 
the throat. Assuming that this throat may be perfect as an ori- 
fice, that the velocity is axial and equally distributed, and also 
that there is no reduction in area on account of the runner hub, 
it could then be shown that when H, is equal to unity this drop 
in pressure would be equal to the velocity head c?/2g. 

Thus, since Q; = ac anda = 4/4 


o = (4Q;)? /2gx? 


The values of o« corresponding to various values of Q; are 
shown by the lowest curve in Fig. 7 which illustrates the ultimate 
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limit of perfection. Should we assume, by way of example, a 16 
per cent reduction in discharge area by reason of the runner hub, 
this limit obviously would be raised still further. Keeping this 
in mind, progress toward the ultimate goal may be judged. The 
economic importance of any move in this direction will be seen 
from a study of Fig. 7 where, at a value of 0.75 for plant o, the 
gain in allowable power output for curve B over curve A is ap- 
proximately 27 per cent. In a new installation for 35-ft rated 
head and a unit discharge of 2.6 cfs the turbine could be set 6 ft 
higher for curve B than for curve A. 

F. H. Rogers and R. E. B. Sharp, in a paper® presented at the 
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Cincinnati meeting of the A.S.M.E., June, 1935, discussed a 
relationship between plant ¢ and_ specific speed derived from a 
comparison of nine important propeller installations in America 
and Europe, as shown in their curve Fig. 7,5 which is reproduced 
in Fig. 8 of this paper for comparison with the results of the 
models tested at Holtwood and other laboratories. In the dis- 
cussion of the paper® by Rogers and Sharp, R. V. Terry, hydrau- 
lic engineer of the Newport News Shipbuilding & Dry Dock 
Company, suggested the relation ¢ = N,?/25,600 as a close 
approximation to the critical ¢ for normal design of turbines. 
For small installations where cavitation tests are not warranted, 
he suggests using a more conservative relation, ¢ = N,?/22,500, 
for determining the turbine setting with reference to tailwater 
elevations. It appears from test D, Fig. 8, that actually there 
are potentialities which may be realized as a result of further 
development and research and that a substantial improvement 
in design can be made over that which might be expected from 
the three relationships. 


BENEFIts DERIVED From TEsts 


It would be well now to consider the use that has been made of 
the laboratory results and the benefits derived from the tests 
made in cooperation with the manufacturers in connection with 
the design and improvements on the Safe Harbor units. 

As a preliminary step in cavitation testing, there is the deriva- 
tion of complete ¢-efficiency characteristics of the model. In 
important installations, strict accounting for the use of water is 
necessary for reasons of record, and for economy in the prepa- 
ration of operating schedules. It is seldom possible, without 
unwarranted expense and loss of time in waiting for extraordi- 
nary circumstances, to conduct formal efficiency tests over a 
sufficient range of heads to gain complete knowledge of the operat- 

5 ‘*45,000-Hp Propeller Turbine for Wheeler Dam,” by F. H. Rogers 


and R. E. B. Sharp, Mechanical Engineering, August, 1935, vol. 57, 
no. 8, pp. 499-506. 
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ing characteristics of a unit. Consequently, model tests are 
relied upon in interpreting acceptance-test data to cover the 
desired variety of conditions to draw up those charts or tables 
which are necessary in daily operation and in planning the 
economic loading of units. So much has been written on this 
subject by other authors that the use of model tests for this pur- 
pose seems to be well understood. 

An interesting application of model tests in conjunction with 
index tests in the field is described in a paper by E. T. Schuleen.*® 
The reason for conducting the test described by Mr. Schuleen 
was that in the past there has been considerable uncertainty 
regarding the effect of runner size on the value of @ at which the 
peak efficiency occurs. Some hydraulic engineers contended that 
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Fic.9 Tue CHARACTERISTICS OF MODEL AND 
PROTOTYPE 


the peak efficiency occurred at higher values of ¢ as the runner 
diameter was increased. This question became of vital impor- 
tance in connection with establishing the speed of Safe Harbor 
unit No. 2 for 25-cycle railroad service since the model tests 
indicated an appreciable gain in efficiency at 100 rpm instead of 
109.1 rpm, which is the speed of the 60-cycle units. It was con- 
sequently decided to test one of the Safe Harbor units at variable 
speed by means of an artificial load consisting of two other units 
operated as motors so that a direct comparison could be made 
between the model and prototype. 

Fig. 9 shows a comparison between the envelope efficiencies 
obtained on this test and the envelope efficiencies obtained on a 
16-in. model at the same blade angle of 16'/; deg. It is felt that 
this unique experiment proves that the peak efficiency of a given 
runner design occurs at the same value of ¢ regardless of runner 
diameter. 

Operation of Kaplan units at Safe Harbor, the capacity of which 
is greater than other units installed so far in this country, has 
brought up many questions regarding the behavior of these 
units as affected by cavitation. In seeking an explanation for 
observed facts and in establishing principles and policies in opera- 
tion, the laboratory has served as a guide in many cases. This 
is particularly true in understanding the need for correct setting 
of the cam for controlling the gates and blades. The importance 
of correct adjustment and the seriousness of departure from this 
relation have been brought out clearly by laboratory tests. It is 
evident from these that whereas error in adjustment on one side 
of the best blade position may be accompanied by rapid loss in 
efficiency, on the other side the drop in efficiency is more gradual, 
but the danger from cavitation is greatly increased. 


* “Tests at Variable Speeds on a Safe Harbor Turbine,” by E. T. 
Schuleen, published by Pennsylvania Water & Power Company, 
Ho!ltwood, Pa., May, 1934. 
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Extensive tests have been made for determining what im- 
provements in blade shape could be made in anticipation of in- 
stallations of additional capacity. These tests were naturally 
confined to a narrow range of alterations, being restricted to some 
blades which were already cast with enough additional finish to 
allow fairly extensive revamping in machining, and on other 
blades which could only be chipped to the desired contour. The 
tests, however, have been sufficiently extensive in their scope to 
demonstrate the correctness of certain design principles. 

Practically every hydraulic engineer who visits the Holtwood 
laboratory asks: ‘How do laboratory cavitation tests check 
actual cavitation conditions at Safe Harbor?” Fig. 10 shows 
this comparison. The solid line gives the results of the field 
efficiency tests in per cent of maximum efficiéncy. The dashed 
line shows the expected curve from laboratory tests which, as 
explained previously, are not affected by cavitation. It will be 
noted that the actual efficiency curve starts to depart from the 
expected curve at about 33,500 hp. From laboratory tests using 
the break in the unit-discharge versus o curve as the criterion 
for the starting point of cavitation, a limiting output of 34,950 
hp was obtained, thus showing a very reasonable agreement. 

It should be borne in mind that the test from which Fig. 10 
was drawn was conducted when the tailrace was particularly low 
in order to determine what effect there would be from the worst 
condition of cavitation. This does not represent ordinary operat- 


Fig. 10 Break In EFFicrency oF Prototype CoMPARED THaT 
PrepIcTeD From Mopet Tests 


ing conditions and, therefore, the reduction in capacity is not in- 
dicative of failure to derive rated output continously from these 
units. With a normal forebay, the limitation apparently imposed 
by cavitation in Fig. 10 would be sufficiently raised so that the 
unit would deliver its full rated output. 

It has been found from experience that it is possible to operate 
somewhat above the limit as determined by the laboratory with- 
out accruing enough damage from pitting to be considered out of 
proportion to the benefits derived from increased output. In- 
convenience caused by vibration at these high ratings is success- 
fully combated by the use of a moderate amount of air injected 
under the head cover. 

During the three and one-half years that the Safe Harbor plant 
has been in operation a certain amount of pitting has occurred. 
It has been concluded after careful study of the pitting at the 
time of the numerous turbine inspections and also when the pitted 
areas were repaired by welding, that the major portion of this 
pitting resulted from local cavitation induced by irregularities in 
the blade surface. It is evident that water traveling at high 
velocities along the blade surfaces cannot follow sudden changes 
in curvature. When a hollow is present the water leaps over it, 
forming an unstable cavity. In making repairs great care was 
taken to grind the welded areas down to a smooth surface free 
from irregularities or reversals in curvature. Some of these 
welded portions have been in service two years and no pitting has 
occurred. This is partly due to the greater resistance to cavita- 
tion of the 18 per cent chrome and 8 per cent nickel stainless- 
steel welding rod which was used, but the improved surface, no 
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HYDRAULICS 


doubt, eliminated local cavitation on the areas which have been 
repaired and is largely responsible for the absence of pitting. 


FurTHER APPLICATION OF THE HoLTwoop LABORATORY TESTS 


While the accomplishments in the past have proved the wisdom 
of establishing this laboratory for the purpose for which it was 
intended, consideration should be given to the future and to what 
possibilities lie ahead now that the laboratory equipment is 
available for further work. Up to the present time the experi- 
ments have been confined to the change of comparatively few 
variables, but there still remain for investigation many other 
elements in the design of a turbine which may have some bear- 
ing on its cavitation characteristics, such as the shape of guide 
vanes, arrangement of the scroll case, form of the head cover, 
design of the curb ring, influence of the hub diameter, and the 
runner clearance. Furthermore, there will eventually arise im- 
portant problems in connection with redevelopment work neces- 
sary to secure the maximum amount of additional power from 
new wheels placed in existing equipment. 

The desirability of undertaking further experimentation de- 
pends naturally upon what possibilities of improvement are to 
be expected. Such experimentation is important because it 
requires but a very slight betterment of either efficiency or cavi- 
tation characteristics of the large turbines being built today 
to justify considerable effort on the part of the designer. A 
few years ago it was the common impression that because of 
the high efficiencies attained by Francis turbines, the ultimate 
goal had been reached. However, with the introduction of the 
movable-blade propeller, a new field of possibilities was created 
because it became possible to widen the band of efficient loading. 
In a like manner cavitation has presented still another field of 
endeavor wherein the primary object is to make the o-unit dis- 
charge curves, as shown in Fig. 7, approach nearer and nearer to 
the theoretical limit. It is clearly demonstrated by the admirable 
performance indicated by curve D, Fig. 7, that actually there are 
possibilities for a marked advance in this direction. 

There is clearly needed some means of coordinating results 
of different laboratories so that progress may be measured. 
W. M. White, chief engineer of the Hydraulics Division of the 
Allis-Chalmers Manufacturing Company, has pointed out? his 
objection to the use of ¢. He claims that there is too great a 
disparity between o for a propeller turbine such as the Wheeler 
unit® and for a Francis turbine such as used at Boulder dam.” 
In place of « he proposes the coefficient \ which is simply the ex- 
pression for the Moody coefficient K, with the term H omitted. 
As pointed out previously all of the terms in the formula for the 
Moody coefficient K, are expressed in feet of water and there- 
fore, by omitting the divisor H, the result is an expression which 
indicates simply the pressure available to hold the water to 
the low-pressure side of the blade. Although Dr. White secures 
in this way a figure which is more uniform in numerical value, 
the question may be raised whether or not extreme differences in 
¢ do not express after all the essential difference between the very 
dissimilar conditions of operation. 

Suggestions to relate o to specific speed have been offered by 
Messrs. Rogers and Sharp§ and also R. V. Terry, as mentioned 
previously. Their criteria have been shown already in compari- 
son with actual tests in Fig. 8. By comparing Fig. 7 with Fig. 8 
it is evident that there is a decided shifting of one curve with 
respect to another resulting from the element of rotational speed 
which enters into the determination of specific speed. 

The ideal comparison would be on the basis of unit horsepower, 
but in this respect the engineer is still faced with the uncertainty 

7™*The Construction of the 115,000-Hp Boulder Dam Turbines,” 


by W. M. White, Mechanical Engineering, September, 1935, vol. 57, 
no. 9, pp. 539-546. 
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in regard to the applicability of the set-up formula to values other 
than the point of peak efficiency. Until this problem is solved, 
the unit-discharge curve is probably the best basis of comparison 
and should be satisfactory at least for present needs. 

A further suggestion comes from the fact that the o curve is a 
parabola for the hypothetical turbine, with and without a hub as 
shown in Fig. 7. It seems logical then to attempt to plot o against 
the square of the unit discharge as shown in Fig. 11. If this is 
done, the hypothetical curves obviously become straight lines. 


(unit Discharge )* 


Fic. 11 Comparison oF CAVITATION TESTS ON THE BasIS OF THE 
SquarE oF Unit DiscHarGe WitH ADDITION oF PLANT FOR A 
NuMBER OF EXISTING INSTALLATIONS 


Many of the test curves are distinctly convex downward, 
particularly those which can be considered as the more reliable. 
Therefore, it would appear in general that if the curves were ex- 
tended sufficiently in each case there would be an approach to a 
straight line passing through the origin followed by subsequent 
departure. Is it not possible that the point of tangency of a 
straight line through the origin with the curve in question indi- 
cates that value of unit discharge to which the blading is best 
adapted? Is it not possible also that as more data are collected 
and plotted in this way, considerable light may be thrown on the 
perplexing problem of correct shaping of the blades? 

As further evidence of the hypothesis that ¢ is a function of the 
square of the discharge, there has been added to Fig. 11 points 
representing the approximate plant o’s and unit discharges for 
important installations of both Francis-type and propeller-type 
units. These points have been estimated as accurately as possible 
from data published in engineering literature, but’ without going 
back to original sources. Although this is but a rough comparison 
it is, nevertheless, striking that, over a wide range of conditions, 
the setting has been selected by experience (for as far as known 
no cavitation tests have been made), since for Francis runners 
there seems to be a distinct straight-line relationship between o 
and the square of the unit discharge. Furthermore, if approach 
to the value of o for the hypothetical turbine is the thing that is 
desired, the plant o’s for the propeller installations, most of which 
have been selected from laboratory tests, do not appear to be as 
advantageous from the point of excavation as those for the in- 
stallations of Francis units. This raises the question whether or 
not in the past hydraulic engineers have been inclined to take risks 
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that are too great in so far as the settings of the Francis wheels 
are concerned, or whether, on the other hand, there is some in- 
herent reason why propellers would require more conservative 
values of ¢. One element may be the loss of area taken up by 
the hub. On the other hand, to decrease the diameter of the 
hub involves, in the case of Kaplan turbines, mechanical prob- 
lems and difficulties from clearance spaces, while for all pro- 
peller turbines the design of the blading near the hub is particu- 
larly difficult and can be mastered only by laboratory tests. 

The apparent straight-line relation in Fig. 11 indicates that all 
that is necessary to reconcile the extremely low ¢ for the unit at 
Boulder dam with the high plant ¢ at the Wheeler dam is to divide 
each by the square of the unit discharge. No attempt is made 
here to estimate a normal value for this quotient, since the data 
for the points shown are but rough approximations. Furthermore, 
only the plants for which figures were most readily available are 
included, and no attempt has been made to differentiate between 
plants encountering serious pitting and those at which operation 
has been entirely satisfactory. 

Inasmuch as the o versus the unit-discharge curve does offer 
a reasonably satisfactory basis for comparison, it would seem 
desirable to have the results of the several laboratories in Europe 
and America coordinated in this manner. The accumulated 
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data would serve a most useful purpose by informing each labora- 
tory whether the results obtained in any one test were extra- 
ordinary in any respect, and thus aid in selecting hidden infor- 
mation that may be found from these tests. For example, curve 
D in Fig. 11 taken alone is simply a test result, but in comparison 
with the entire group of curves in Fig. 11 it is an achievement 
—an advance in hydraulic design. 

Such a compilation might be undertaken by some central 
agency, such as the National Hydraulic Laboratory, although 
consideration should be given to whether or not laboratory errors 
might not render it worthless. Strange to say, the results are 
affected very little by laboratory errors because the measure of 
the break in the o curve is a change of condition. Consequently, 
errors in power measurement may have any magnitude as long 
as they are consistent, while errors in discharge measurement 
would only shift the final curve slightly to the right or left. In 
this respect the situation differs essentially from the usual model 
efficiency tests since the results are not sensitive to ordinary 
errors. 

Finally, it is the author’s hope that efforts being made in the in- 
vestigation of cavitation in various laboratories can be coordinated 
so that the industry as a whole may be benefited. The Holtwood 
laboratory offers its support to any movement of this kind. 
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Radiation From Nonluminous Flames 


By H. C. HOTTEL,' CAMBRIDGE, MASS., ano V. C. SMITH,? DETROIT, MICH. 


Experimental results on the total radiation due to car- 
bon dioxide, water vapor, and mixtures of the two that 
were recently reported were obtained in a chromel-wound 
furnace, the maximum operating temperature of which 
was 1850 F. The final plots were obtained by extrapolating 
to 3600 F the experimental data covering the range from 
room temperature to the furnace maximum. 

A method is now described for determining these proper- 
ties directly in the upper temperature range. It consists 
of measuring the emission of radiation, and the corre- 
sponding temperature, from overventilated flames of car- 
bon monoxide, hydrogen, and mixtures of these in a Meker 
burner of varying length. The products in the flame are 
calculated from the mixture fed to the burner. 

Results are presented for flames of carbon monoxide in 
mixtures of oxygen and nitrogen in which the burner grid 
length is varied from 2 to 16 in., the theoretical oxygen 
from 100 to 300 per cent, and the flame temperature from 
2600 to 3800 F. The results establish the validity of the 
carbon-dioxide radiation chart in its high-temperature 
range. Less extensive measurements on illuminating- 
gas flames establish the validity of the water-vapor radia- 
tion chart at temperatures of 2500 to 2800 F when the 
thickness of gas layer is small. 


HE problem of evaluating the expected radiant-heat trans- 

mission from a nonluminous flame has an obvious practical 

importance in the design of certain types of industrial fur- 
naces, the evaluation of heat transmission in the internal- 
combustion engine, and studies in the mechanism of combustion 
of gases. The literature on the subject includes diverse opinions 
as to the nature of the phenomenon and does not contain data 
adequate for the substantiation of any proposed method of pre- 
dicting the magnitude of the flame radiation. Accordingly the 
present work was undertaken to determine whether one of the 
proposed theories could be substantiated by experiment. 

The radiation emitted from a nonluminous flame is due in 
part to radiation emitted consequent upon chemical changes of 
the molecules in the flame, called chemiluminescence; and in 
part to thermal radiation from the hot products of combustion, 
such as carbon dioxide and water vapor. The first kind of radia- 
tion depends upon the nature of the chemical reactions involved 
and is approximately proportional to the amount of fuel burned; 
the second depends on the temperature, size, and shape of the 
flame and its hot combustien products and on the concentration 
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of radiating constituents in it, and is influenced by the amount of 
fuel burned only to the extent that the latter affects the tem- 
perature distribution in the flame. 

The work of Garner and Johnson (1)* and of Johnson (2) has 
indicated that chemiluminescence, though of extreme importance 
in studying the mechanism of combustion reactions, accounts for 
a very small portion of the total radiation emitted from a flame. 
The calculation of total radiation from a nonluminous flame in 
an industrial furnace depends, consequently, on quantitative 
knowledge of the magnitude of thermal radiation from those hot 
products of combustion which are capable of radiating, namely, 
carbon dioxide and water vapor. 

The earliest quantitative measurements of radiation from car- 
bon dioxide and water vapor were made in 1894 by Paschen (3), 
who mapped the infrared emission and absorption spectra of hot 
carbon dioxide and water vapor and showed the interrelation 
between emission and absorption for those gases. Further work 
by him on the emission spectra of nonluminous flames led him to 
conclude that the radiation from them was purely thermal in 
origin and due solely to the carbon dioxide and water vapor in 
the flames. The work of H. Schmidt (4) in 1909 confirmed the 
validity of the assumption that radiation from the products of 
combustion in flames was thermal in character by proving that 
Kirchoff’s law of the equivalence of absorptivity and emissivity 
(applicable only to thermal radiation), was applicable to radia- 
tions from an illuminating-gas flame. These fruitful suggestions 
of the physicists remained unused by engineers until Schack (5) 
in 1924 pointed out how data on the infrared absorption spectra 
of gases could be used to predict the magnitude of emission of 
radiation from them. 

Moeller and Schmick (6) in the following year measured the 
radiation from small Bunsen flames, making the measurements 
in such a way as to permit comparison with the calculations of 
Schack. Although their experimental results were in agreement 
with the calculations within 5 to 25 per cent, the agreement was 
not conclusive since (a) the flame diameter was so small as to 
make edge effects large, (b) the effect of water vapor in the com- 
bustion products was hidden by the much greater effect of carbon 
dioxide, (c) the basis of comparison with theory (i.e., Schack’s 
calculations based on infrared absorption data) was not estab- 
lished with adequate precision. 

Recent experimental data have been presented by Hottel and 
Mangelsdorf (7), giving the total thermal radiation from hot 
carbon dioxide, water vapor, and mixtures of the two over a wide 
range of variation of concentrations, and at temperatures up to 
about 1900 F. By appropriate plotting, the data have been 
extrapolated to higher temperatures. Precise measurements of 
the right kind on nonluminous laboratory flames should serve as 
a basis for testing the numerical accuracy of the carbon-dioxide 
and water-vapor radiation charts at high temperatures; those 
charts could then be used for calculations of radiant-heat trans- 
mission from large industrial flames. 

Measurements of total radiation of the type of Callendar (8), 
von Helmholtz (9), and Haslam, Lovell, and Hunneman (10) 
were made with the whole flame in view of the radiation receiv- 
ing instrument. These are difficult to compare with the calcula- 
tion of the expected radiation from hot carbon dioxide and water 
vapor, because knowledge of the variation of temperature and 
composition in the flames is not available, and because in some 


3 Numbers in parentheses refer to similarly numbered items in the 
bibliography at the end of the paper. 
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GALVANOMETER 


PYROMETER 
CONTROLLER 


Fie. 1 Apparatus ASSEMBLY 


A formic acid G = burner 
B H = slide 

64 condenser J 
4 = scrubbing tower 
F 


= carbon-monoxide generator 
= = butterfly valve 

K = thermopile 

L = tungsten band lamp 
M = spectroscope 


= caustic soda 
= safety trap 


cases a considerable portion of the thermal radiation was ab- 
sorbed by a column of cold gas containing combustion products 
and occupying the space between the flame and the radiometer. 
Fishenden and Saunders (11), making a rough calculation of what 
to expect for one set of conditions studied by Callendar, found 
agreement with predictions based on thermal radiation inconclu- 
sive. 


EXPERIMENTAL PROCEDURE 


To permit a comparison of experimental results with calcula- 
tions involving the temperature, composition, and depth of 
flame it is necessary to burn the gas in a burner of such type as 
will produce a flame uniform in composition and temperature 
along a line of sight normal to the direction of flow of the gases; 
to restrict the geometrical limits of vision of the radiation-meas- 
uring instrument to a narrow pencil of rays along such a line of 
sight; and to measure the temperature, composition, and depth 
of flame along that same line of sight. These experimental re- 
quirements are met in the apparatus shown in complete assembly 
in Fig. 1. For a description of apparatus and experimental pro- 
cedure sufficiently detailed to permit judgment of the validity of 
the results, the reader is referred to the Appendix of this paper. 
Briefly, equipment is provided for generating, drying, and meter- 
ing carbon monoxide, for drying and metering illuminating gas, 
air, and oxygen, and for burning the desired mixture of gases in a 
Méker-type burner G (top right center of Fig. 1) consisting of an 
approach chamber diverging upward to a rectangular water- 
cooled nickel grid 15.75 in. by 0.813 in., the open length of which 
can be changed by slide H. To measure the temperature of the 
flame the method of spectral reversal of the sodium-D line is 


= achromatic lenses . 
= standard resistance 
= optical pyrometer 
= 25 per cent brine 
= spray chamber 

= arc chamber 


pressure regulators 
calcium-chloride chambers 
orifice manometers 
diaphragms 

black-body furnace 


used (see Appendix). The temperature as measured is an aver- 
age value along the horizontal line of sight of the spectroscope, 
set just to clear the tips of the small Bunsen cones of the burner 
grid. During the temperature measurement sodium must be 
supplied to the flame. This is accomplished in either of two 
ways, (a) by using compressed air in tank Q to produce mechanical 
atomization of a salt spray at R in the base of the burner, or (b) 
by vaporizing molten salt with an electric arc in vessel S and 
sweeping the vapor into burner G with a stream of nitrogen. The 
latter method adds no moisture to the flame. Immediately 
following the temperature measurement, the spectroscope system 
M-W-N-W’-N-L is rocked out of position on its hinged base, 
and replaced by a thermopile K, which consists of a single thermo- 
element at the focus of a gold mirror. The thermopile, contain- 
ing no lenses or windows between it and the flame, is suitably 
diaphragmed to receive a narrow pencil of rays from the same 
part of the flame in which temperature was previously deter- 
mined. The thermopile is calibrated by allowing it to “see’’ 
into a black-body furnace kept at a fixed and measured tem- 
perature. 


Resuuts ON CaRBON-MOoNOXIDE FLAMES 


The major portion of the experimental work was conducted on 
carbon-monoxide flames. Radiation was measured for various 
burner grid lengths, fuel-gas rates, and air-gas ratios, with dry 
and with moist gases. In addition, oxygen was added in about 
half the experiments to produce higher flame temperatures or to 
increase the velocity of flame propagation. The range of varia- 
tion of the factors studied is shown in Table 1. 
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TABLE 1 RANGE OF VARIATION OF FACTORS STUDIED, TABLE 2 (Continued) 
CARBON-MONOXIDE FLAMES 
Gas rates, cu ft per hr 
pressure carbon dioxide in combustion products, Pe, Run monox- Oxy- length, temp, ity o! (atm) 
Radiation from flame, Btu per sq ft . 8540-20,070 ay “ats 
( 18 37.2 90.0 .... 1.312 2003 0.0663 0.448 
Theoretical oxygen, primary, ‘per cent. ... 95-309 20 37. 1 102.0 1312 2021 0.0630 0.404 
Rate of burning monoxide, cu ft per . %7.1-40.1 21 37.1 102.0 1.312 2021 0.0622 0.404 
Ratio, oxygen to air, ve . 0-0.79 22 40.1 97.5 .... 1.312 2030 0.0653 0.457 
23 40.1 97.8 .... 1.312 2031 0.0648 0.456 
TABLE 2 24 @.i 1.0 .... 1.312 2052 0.0608 0.414 
25 40.1 107.0 .... 1.312 2055 0.0602 0.414 
Gas rates, cu ft per hr 26 14.0 33.2 p 0.656 1857 0.0670 0.228 
Carbon Burner Flame Emissiv- PL 27 13.9 33.2 ; 0.656 1898 0.0551 0.227 
Run monox- __ Oxy- length, temp, ityof (atm) 28 13.9 33.0 .... 0.6 1873. 0.0657 0.228 
no. ide Air gen ft K flame (ft) = 
1 20.0 49.0 0.655 20 0.0478 0.220 13. . woes -656 1905 -0595 - 226 
2 17.8 42.7 0.655 2024 0.0474 0.226 31 12.0 28.5 wa 0.656 1864 0.0615 0.228 
3 17.7 43.0 0.984 1836 0.0686 0.335 32 12.1 28.5 aovrene 0.656 1860 0.0614 0.228 
4 26.4 62.5 1.312 1894 0.0761 0.456 33 33.3 34.9 ah ah 0.656 1884 0.0575 0.194 
5 25.5 62.2 1.312 1885 0.0712 0.446 34 12.0 34.9 wae 0.656 1887 0.0558 0.192 
6 31.7 71.8 1.312 1938 0.0732 0.476 35 10.0 24.0 waters 0.656 1799 0.0627 0.226 
7 31.7 74.4 1.312 1953 0.0702 0.458 36 10.0 24.0 ear 0.656 1798 0.0627 0.226 
8 29.2 88.8 1.312 1951 0.0612 0.37 37 9.9 33.3 cee 0.656 1820 0.0558 0.169 
9 29.3 89.0 1.312 1926 0.0585 0.370 38 10.0 33.6 Pern 0.656 1842 0.0531 0.170 
10 29.3 89.0 1.312 1925 0.0632 0.370 39 9.9 33.4 ans 0.656 1843 0.0522 0.169 
11 29 3 89.0 1.312 1925 0.0652 0.370 40 7.2 17.6 wees 0.656 1718 0.0654 0.221 
12 29.3 70.7 1.312 1924 0.0717 0.450 41 7.1 17.3 .... 0.656 1696 0.0691 0.223 
13 29.3 70.3 1.312 1919 0.0728 0.453 42 1 ee 17.3 was 0.656 1682 0.0717 0.225 
15 33.3 80.0 1.312 1958 0.0704 0.452 . . . 
: 45 13.8 19.7 15.5 0.164 2244 0.0250 0.0435 
: ; phe 46 14.0 27.1 15.3 0.164 2204 0.0218 0.0464 
Table 2 presents the data with measured radiation converted 47 13.9 27.7 15.3 0.164 3183 9 -0233 0.0456 
to “flame emissivity” by dividing by the radiation from a black 4 13:8 26 3 a a 0.164 2022 0 ‘o207 0.0467 
body at the measured flame temperature. The data are diffi 51 wi 1908 0.08 0.046, 
cult to present graphically because of the number of variables. 52 13.8 29.3 12.1 0.262 2163 0.0295 0.0748 
However, if the radiation from a carbon-monoxide flame is due 18:8 20.3 0.363 2106 0.031 0074s 
almost wholly to radiation from hot carbon dioxide, it should de- 56 16.7 29:3 12:1 0.262 2330 0.0270 00889 
pend only on the flame temperature 7' and on the product term 57 16.7 29.3 12.1 0.262 2330 0.0266 0.0882 
PL, where P, is the partial pressure in atmospheres of carbon 18.7 29.3 0.203 0.0291 0. 
dioxide in the combustion products and L is the flame depth or $1 16:7 30:0 is:4 0525 2008 0°0485 071396 
burner grid length in feet. Unfortunately the data were not 62M 16.7 39.0 15.4 0.525 1940 0.0442 0.1396 
taken in such a way that either 7 or P.L was constant during 6 80.4 0. 535 2049 0. 0502 0:102" 
ariation of the other. However, a large number of runs were 6M 18:0 30:4 .88 0.695 2004 0.0686 0.163 
made with a small variation in the product term P,L and a large 67M 18.0 30.4 18.8 0.525 2004 0.0455 0.162 
variation in temperature. Fig. 2 shows the results for all runs 17.8 30.4 0835 1949 0.0451 0.162 
in which PL lies between 0.16 and 0.23, with flame emissivity 0.635 2080 0.0608 0.155 
plotted against temperature. The data points are seen to lie 72 18.0 30.4 20.2 0.525 2078 0.0490 0.159 
definitely in a band the width of which, within the limits of experi- 18:0 80.4 = 0.525 1998 0.0454 0 189 
mental error of the work, is probably due to the variation in 3015 0.0848 0180 
PL. Fig. 3 is a carbon-dioxide gas-radiation chart from Hottel 77 19.2 35.2 21.5 0.656 2005 0.0559 0.190 
and Mangelsdorf (7) based on their measurements of radiation 79M 0686 0.0826 0.190 
from an electrically heated furnace full of hot carbon dioxide. SIM 180 30:4 20:2 0°525 2082 0.0423 0.150 
Although the maximum gas temperature attainable in their ex- 82M 18.0 304 20.2 0.525 2030 0.0416 0.159 
periments was about 1900 F, their extrapolation was guided 18-0 30.4 = 0.535 1990 00438 0.158 
j 85! 18. 20.2 ? .159 
somewhat by measurements of absorption from a black body at 
2400 F. Values from Fig. 3 for P,L of 0.16 and 0.23 have been 87M 18.0 30.4 20.2 0.525 2003 0.0431 0.159 
converted to emissivity and superimposed on the present experi- 89 Mb 18.0 80 4 2s 0.535 2082 0.0417 0: 180 
i id li ideri ] 18. 20.2 
mental data of Fig. 2 as solid lines. Considering the fact that 6.6088 0.158 
these lines were obtained by an extrapolation for which the 92a 18.0 31.4 16.3 0.525 2285 0.0339 0.163 
4 ~ 93 18.0 31.4 16.3 0.525 2298 0.0330 0.163 
authors could not claim a probable error less than 10 per cent or 946 18.0 31:6 16 1 0. 525 2283 0.0349 0. 163 
600 ‘ 95b 18. 31. 16.1 " 
perhaps 20 per cont * 3 F, the agreement represented by 96 18.0 31.5 16.1 0.525 2306 0.032 £0.17 
Fig. 2 is excellent. It is taken by the authors as a proof that the 97 18.0 28.6 15.1 0.525 2301 0.0343 0.18 
w/ 98 18.0 31.5 16.1 0.525 2306 0.0318 0.17 
gas-radiation chart, Fig. 3, is substantially correct in its high 2% 21.3 39.3 17.6 0.787 2213 0.0445 0.249 
i 21.3 17.6 0442 
temperature range, along the line P.L = 0.2. 101 22.3 43.5 22:5 1.31 1957 0.0567 0.38 
The relation between P,L and flame emissivity, for a constant 102 22.3 43.5 22.5 1.31 1961 0.0564 0.38 
temperature, is presented in Fig. 4, in which all the data of 0.338 2343 0.0264 189 
2 ‘ ‘ 105 13.8 25.0 5.5 
corresponding to flame temperatures between 1800 and 22( 0 
have been corrected to a common temperature of 2000 K (3140 107 19.1 34.3 11.3 0.655 2280 0.0382 0.227 
F) by assuming that Fig. 2 establishes the relation between emis- bo S38 0.085 2343 0.0388 0 ‘34 
sivitv ig. id line i ri 110 21.8 41.4 14.4 
ity and temperature In Fig a solid line is supe —— ed 111 21.8 41.4 14.4 0.983 2131 0.0477 0.322 
from the carbon-dioxide radiation chart, Fig. 3, corresponding to 112 21.8 43.5 22.5 : 3 2083 0.0513 9 37 
113 21.8 43.5 22.5 .0548 7 
3140 F. Although the line is possibly slightly low at low values of 114 21:8 43:58 22:5 1.31 1978 0.0548 0°37 
PL, the agreement with the data is considered satisfactory and — [TZ anruns preceding 92 with wet salt spray. 
within the errors of individual data points. Factors contribut- b = Sodium in flame during radiation measurement. 


7 D “ 2 = M = In all runs so labeled the combustible mixture contained 0.7 to 1.8 
ing to the imperfection of the correlation are (a) experimental per cent moisture. 
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error, (b) difference between actual and assumed carbon- 
dioxide content of the combustion products due to dis- 
sociation (estimated error 3 per cent at highest tempera- | 
tures), (c) infiltration of secondary air, producing a 
change in composition of combustion products, (d) edge 
effects due to absence of abrupt change from hot flame 
to cold air at the near flame face. 

In some of the experiments (run numbers marked M 
in Table 2) the measurements of flame temperature and 
radiation were made with 0.7 to 1.8 per cent moisture 
in the flame. The effect of the moisture, as indicated in 
Fig. 2, was small. Because of the effect on flame speed 0.02 
of the salt spray used for temperature measurements in 0.04 0.06 0.08 0.10 0.2 0.3 04 05 
runs 1-91 and the consequent possibility that successive PL (ATM.X FT.) —= 


measurements (first of temperature with the flame moist yg. 4 Raptation From CARBon-Monoxipe Fiames—Errect or Con- 
and then of radiation with the flame dry) did not corre- CENTRATION AND FLAME DepTu 
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following No. 91. Addition of the salt in dry form had no ap- one = a | 
preciable effect on the correlation presented in Fig. 2. | | A | | 3 
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flames of hydrogen have prevented such measurements thus far. 0.03 004 005 AdOd 0.04 005 0.06 


However, some results have been obtained with illuminating gas- (Pe+R,) L,(ATM. X FEET) 
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Fig. 5 shows total radiation versus the air-gas ratio for four 
different lengths of burner grids and Fig. 6 flame temperature 
versus the air-gas ratio. The latter plot shows that, as expected, 
the measured flame temperature is independent of the length of 
the burner grid for the same air-gas ratio. 

If as in the case with carbon monoxide, the radiation is de- 
pendent solely upon the combustion products, it may be expected 
tbat in the illuminating-gas flames the radiation will depend only 
upon the temperature and upon (P, + P,,) L, where P, and P,, 
are the partial pressures of carbon dioxide and water vapor, re- 
spectively, in the combustion products, and L is the length of 
the burner grid. Figs. 5 and 6 have accordingly been converted, 
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E. Scumipt (13) 


by the use of the data of Table 3 on fuel-gas composition, to the 
form represented in Fig. 7; there total flame emissivity is plotted 
against (P, + P,,)L for each of four flame temperatures. By 
the use of Fig. 3 for carbon dioxide and the analogous Fig. 8 for 
water vapor (also from Hottel and Mangelsdorf, loc. cit.), the 
expected total radiation from the combustion products may be 
calculated. This has been done, the results appearing as solid 
lines in Fig. 7. It is seen that the gas-radiation charts for car- 
bon dioxide and water vapor account satisfactorily for the meas- 
ured radiation from an illuminating-gas flame. 


TABLE 3 COMPOSITION OF ILLUMINATING GAS BURNED 
CO2 CoH, He co CH, Oz N: 
2.2 4.2 48.0 9.4 22.0 1.3 13.0 
At the time of publication of the water-vapor radiation chart, 
Fig. 8, it was pointed out (7) that the literature contained other 
data, on water-vapor radiation by E. Schmidt (13), and that the 
new chart, though in agreement with Schmidt’s results at high 
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values of P,,L, called for considerably less radiation from water 
vapor at low values of P,,L. Since the first part of the present 
investigation has established the validity of the carbon-dioxide 
radiation chart at high temperatures, the data on illuminating 
gas may be used to obtain the radiation due to water vapor by 
subtracting from the experimentally measured total radiation that 
due to carbon dioxide. The residue, presumably due to water 
vapor, has been converted to an emissivity and plotted versus 
P,L in Fig. 9, data points, for each of four temperatures. On 
that same plot appear solid lines representing water-vapor radia- 
tion, taken from Fig. 8 by Hottel and Mangelsdorf; and dotted 
lines representing water-vapor radiation, taken from the data of 
E. Schmidt. The agreement of the data points with the solid 
lines seems to indicate that Fig. 8 is not unduly conservative at 
low value of P,,L. 


CONCLUSIONS 


(1) The radiation from flames of carbon monoxide and illumi- 
nating gas is calculable from a knowledge of flame size, tempera- 
ture, and composition. 

(2) The accuracy of a chart giving radiation from carbon di- 
oxide has been established over the temperature range 2600 to 
3800 F, and the range of P,L from 0.04 to 0.40 (atm x ft). 

(3) The substantial accuracy of a chart giving radiation from 
water vapor has been established over the temperature range 2500 
to 2800 F, at low values of P,,L where there had been some doubt. 
as to whether the radiation chart was unduly conservative. 
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Appendix 
Description of Apparatus and Procedure 


CaRBON-MONOXIDE GENERATOR 


Methods of generating carbon monoxide of high purity in 
large quantities have been described by Hutton and Petavel (14), 
Burstall and Ellis (15), and Thompson (16). The principle in- 
volved depends upon the thermal decomposition of formic acid 
in the presence of a dehydrating agent, according to the reaction, 
HCOOH = CO + H,0O. The generator described herein is 
based on the method of Thompson with a few improvements to 
be mentioned later. 

In Fig. 1, aspirator bottle A contains 85 per cent formic acid 
which is fed to the bottom of the rubber-stoppered, 5-liter Pyrex 
reaction flask B, the rate of feed being observable through the 
dropping tube sealed into the supply line. Flask B is about four- 
fifths full of 85 per cent phosphoric acid, and is maintained at. 
170 C. Heat is supplied electrically at a maximum rate of 1700 
watts through a coil of chromel wire held between two layers of 
asbestos paper, the latter being molded while wet to a snug fit 
around the flask. The flask is supported by its ring neck and 
housed in a metal container filled with 85 per cent magnesia 
powder. A thermocouple immersed in the phosphoric acid is 
connected to a pyrometer controller, giving automatic regulation 
of the heat supplied to the generator. The gaseous products, 
carbon monoxide and steam, pass through a 16 mm Pyrex tube 
to the water-cooled glass condenser C, also of 16 mm Pyrex. The 
condensed liquid escapes through a trap and the cool gas then 
passes up through the scrubbing tower D, filled with short sec- 
tions of glass tubing, while a 5 per cent sodium-hydroxide solu- 
tion from aspirator bottle # trickles down and escapes through a 
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trap. Rubber tubing connected to the legs of the trap permits a 
variable pressure up to 12 in. of water in the generator. Since 
this type of trap is subject to blowoff under sudden rise of pres- 
sure, @ mercury safety trap F with a pilot flame at the outlet is 
included to regulate the maximum pressure in the generator; the 
mercury trap is set to blow at a pressure less than the liquid 
heads in the drain traps or the water-sealed gasometer when the 
bell has risen to its upper limit. With the exception of bottles 
A and E, the entire generator and the gasometer are completely 
enclosed under a laboratory hood. 

The output of the generator is 20 cu ft of carbon monoxide per 
hour, being limited not by the power input, as was the case with 
Thompson’s generator, but by the increasing tendency of formic 
acid to pass through undecomposed if this rate is exceeded. Analy- 


sis of the carbon monoxide leaving the scrubber showed that — 


it contained no impurity except water vapor. 

The pyrometric control of heat input at a relatively high rate 
and the addition of an automatic trap have produced a genera- 
tor of high output that is both easier and safer to operate than 
those previously reported. 


BURNER 


The burner shown at G is of rectangular shape; it has a nickel 
grid of the Méker type 153/, in. long and !%/\. in. wide, giving a 
free port area of 7.7 sq in. The casing is brazed to the sides of 
the grid to increase the effectiveness of the water cooling. A 
metal slide H, for changing the burner length, operates in slots 
along the top of the casing. A flared manifold distributes the 
gas sufficiently to give flames of uniform height. The burner 
inlet has been divided into two sections, all of the gas being made 
to pass through one or the other by the butterfly valve J. For 
most of the experiments, the gas was passed through the lower 
section for the introduction of brine spray used in measuring the 
flame temperature, and through the upper section during the 
radiation measurements, this procedure being adopted to permit 
radiation measurements on flames containing no sodium chloride 
or water vapor. 


TEMPERATURE AND RADIATION MEASUREMENTS 


Spectral reversal of the sodium resonance doublet is used to 
measure the temperature of the gas flames. Although the accu- 
racy of this method has been questioned lately by David (17) 
the objections raised seem to have been answered satisfactorily 
by Lewis and von Elbe (18). The continuous source L, Fig. 1, 
is a G.E. 4-volt, 20-amp, No. T-20, SR-8 tungsten lamp with 
filament 0.080 in. wide and 0.0025 in. thick; a vee is cut in one 
side of the filament to insure use of the same portion in all meas- 
urements. The lamp is heated by storage batteries, the cur- 
rent input being controlled with variable resistances, and meas- 
ured accurately with the deflection-potentiometer principle of 
Forsythe (19) across the fixed resistance 0. Images of the fila- 
ment are formed at the center of the burner and at the slit of the 
spectroscope M by the achromatic lenses N. The spectroscope 
is a Gartner L250 quartz spectrograph, in which the camera is re- 
placed by a tube for holding the eyepiece, and the Cornu prism 
by one of flint glass. The red brightness temperature of the 
tungsten lamp is measured with the precision optical pyrometer 
P (20). The temperatures measured in these experiments were 
sufficiently low to cause no rapid aging of the band filament, con- 
veniently permitting a transfer of the optical pyrometer calibra- 
tion to a temperature-current plot for the band lamp. 

Two methods are used to introduce sodium into the flames. 
The first consists of forming a spray in the gas inlet when a small, 
high-velocity jet of brine from tank Q impinges against the in- 
side of the pipe at R. A better method, in that it eliminates the 
undesirable effect of water vapor on both the flame speed and 
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total radiation from the flame, is the volatilization of the salt in 
an electric arc between carbon electrodes immersed in a crucible 
of salt S. A small stream of air or nitrogen passing through 
drying tower U, pressure regulator 7, flowmeter V, and the en- 
closed, water-cooled are chamber S assists in sweeping the vola- 
tilized salt into the burner manifold, as well as preventing flow 
of the gas mixture into the arc chamber with resulting ignition. 
If air is passed through the are a correction is made for CO, 
formed at the electrodes. 

The radiant energy emitted by the flames is measured with a 
reflecting-type, total-radiation thermopile K, focused on the 
center of the flame. The latter consists of a single spot-welded 
junction of copper and constantan wires, 0.001 in. in diameter, 
the free ends of which are fastened into two slotted copper leads 
cemented firmly in a celluloid block °/1. in. in diameter. These 
leads also form the cold junction. The target is 0.050 in. in diame- 
ter of tinfoil 0.001 in. thick, thoroughly coated with lampblack 
on the front, and cemented in close contact with the junction on 
the back surface. The mirror is a bright, opaque film of gold 
sputtered on the concave front surface of quartz; it is */, in. in 
diameter and has a focal length of 5in. The thermopile, mounted 
in a telescope for focusing, is housed with the mirror in a wooden 
box K to which a water-cooled shield and shutter are fastened. 
Trays of soda-lime and calcium chloride are placed on the bottom 
of the box, and a slow stream of air, dry and free of CO:, is passed 
through the box during measurements. 

A Leeds and Northrup type-HS reflecting galvanometer, 
mounted on a Julius suspension and the whole enclosed in a 
compartment to protect it from air currents, is connected to the 
thermopile leads. The scale, placed at 3.5 m, is readable to 0.1 
mm through a high-magnification telescope; the sensitivity of 
the galvanometer viewed at this distance is 101 em deflection 
per microampere. 

Two black bodies X of the type described by Coblentz (21), the 
temperatures of which are measured by carefully calibrated 
thermocouples, are used to calibrate the thermopile. These 
bodies are held at constant temperatures of about 730 F and 
1820 F; over the thirteenfold range of variation of radiation 
intensity represented by these two radiation standards, the cali- 
bration constant of the thermopile-galvanometer system varied 
no more than 3 per cent, and the average was much less. A 
calibration is made before and after each group of flame experi- 
ments, the arithmetic mean of the constants so obtained being 
used for the calculations in the group. 

In view of the marked dependence of radiation upon tempera- 
ture, special experimental care is required to make the two prop- 
erly related, particularly in a flame where temperature gradients 
may be great. Therefore, the band lamp, lenses, and spectro- 
scope are mounted on an optical bench which is supported by 
two sturdy rods fastened into a steel base; the base is fastened 
to the desk top with hinges so that this system or the thermopile 
can be placed in line with the burner. Once in correct alignment 
and clamped, the separate parts undergo no relative motion and 
no further adjustment is required. The thermopile housing is 
mounted similarly on a solid base which slides back and forth 
transversely between fixed stops on a metal track. Once prop- 
erly aligned and the stop fastened, the thermopile can also be 
moved and returned to the correct position. 

In order to minimize the effect of temperature gradients, the 
flames are made as large as possible and the distance from the 
burner grid to the optical axis is chosen so as to place the latter 
in the most uniform temperature range. In addition, diaphragm 
W limits the cone of rays viewed during the temperature measure- 
ments, and is of such size that any ray drawn from the eyepiece 
image through the optical system falls well within lens Nz. The 
limitation of field of view of the thermopile system is accomplished 
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by two diaphragms of 0.125 and 0.030 in. in diameter, placed 
immediately in front of the mirror and the target, respectively, 
in the thermopile housing. The pencil of rays through the flame 
is thereby restricted to a diameter of 0.15 in. at the image plane 
near the center of the burner grid, and a maximum of 0.23 in. at 
the back edge of the grid. 


ContTrROoL oF Gas MIXTURE 


In order to avoid variation in mixture ratio while radiation and 
temperature measurements are being made, a #/-in. type-A 
Reliance pressure regulator is placed in the carbon-monoxide line, 
and */,in. type-H regulators are placed in the other gas lines. 
The rates of flow are measured on calibrated orifice meters V. 
In almost all cases the total rate is such that the flame is just be- 
ginning to lift away from the grid. The gases, dried in the cal- 
cium-chloride towers if required, are tested for water vapor by 
aspirating a stream of gas from the manifold sampling tube 
through a dew-point apparatus. 


PROCEDURE 


The thermopile is calibrated against the black bodies previ- 
ously heated to constant temperatures of about 750 F and 1800 
F; the carbon-monoxide generator, already up to operating tem- 
perature, is started; the mixture ratio is adjusted to give the 
kind of flame desired; the dew point of the mixture is determined; 
the thermopile is brought into position and galvanometer read- 
ings taken for about 15 successive 15-sec periods with the shutter 
alternately opened and closed; the thermopile is pushed aside; 
with tbe lamp already hot the optical bench is swung into posi- 
tion, the sodium generator is started, and three or four reversals 
made in the spectroscope, the potentiometer being read for each. 
This procedure, usually repeated as a check, is followed for each 
mixture ratio and burner length. 


CALCULATIONS 


The recorded brightness temperatures at \ = 0.665y, without 
the lens interposed, are corrected to those at \ = 0.589y, with 
the lens, by substituting appropriate values in Equation [1]. 


1 1 _ 0.589 In ABpy — 0.665 In App 
Tus 14,330 
where 7'p = brightness temp, deg K, at \ = 0.6654, viewed 
through the bulb but without a lens 
= brightness temperature, deg K, at = 0.589,, 
viewed through the bulb and lens 
A = transmissivity of the lamp bulb 
B- = transmissivity of the lens 
Pr = emissivity of tungsten at \ = 0.6654 and true 
filament temperature, obtainable from T'p (22) 
Py = emissivity of tungsten at \ = 0.589u and true 
filament temperature. 


The transmissivity of the lens is found experimentally by 
measuring the red-brightness temperature of the band lamp, with 
and without the lens between it and the optical pyrometer. For 
a fixed lamp temperature 


14,330 (7; — 


(T;T:) 


where B = the transmissivity of the lens 

T, = red brightness temperature of lamp, deg K, without 
lens 
red brightness temperature of lamp, deg K, with lens 


T: 
Substitution into [2] of corresponding values obtained at 


several temperatures give an average value of 0.92 for B. This 
is adopted also for the transmissivity A of the lamp bulb and is 
used throughout for calculating the correction. 

Values of pg and p, are taken from the data of Forsythe and 
Worthing (22). 

The correction varies from +7 C at 1670 K to +14.6 C at 
2200 K. 
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Safe Operation of High-Speed Locomotives 


By B. S. CAIN,' ERIE, PA. 


In this paper are presented the basic theories, test in- 
formation, and the chief conclusions of an investigation 
of factors entering into the mechanical design of loco- 
motives for high-speed operation. The author points out 
that (1) recent trends in railroad operation have been 
toward higher speeds over longer distances and (2) the 
development of electric and oil-electric power, and light- 
weight equipment have changed many of the conditions 
under which these higher speeds are attained. In view 
of the radically new types of equipment available, the in- 
creased severity of requirements both as to performance 
and cost of equipment, and the necessity for preserving 
the railroad’s record for safety, it has been necessary to 
make an extended theoretical and experimental analysis 
of high-speed locomotive operation. Such an analysis is 
given in this paper. 


HE fundamental problem in regard to the safe operation 
"Ter high-speed locomotives has been to explain, and to learn 

to control by design means, the oscillations of locomotives 
which develop at high speeds, and which place a definite limit 
on the safe speed at which any particular design of locomotive can 
be operated over a given section of track. These oscillations con- 
sist partly of nosing and rolling motions produced by the side- 
wise components of the wheel-friction and flange-impact forces 
when the wheels are out of exact line with the track. Instability 
occurs when these forces increase the energy of oscillation faster 
than the damping forces can reduce it. Other oscillations are due 
to rough track. It is the problem of the designer to control the 
design, the wheel arrangement, the spring constants, the weight 
distribution, and the clearances so as to minimize the tendency to 
instability and to obtain ample margins of safety under varying 
conditions of track. 

Testing of locomotives has been improved during recent years. 
Stresses in the track can be accurately measured with electric 
strain gages. The author has used these gages extensively to 
make continuous records of lateral pressures between locomotive 
axles and frames on a number of locomotives up to very high 
speeds. The development of theories to determine the stresses 
and motions of locomotives at high speeds has proceeded before 
and coincidently with the test program. The theory as now de- 
veloped logically explains the test results in so far as the fundamen- 
tals are concerned. Some of the principal results of this work are 
outlined in this paper, reference being made particularly to the 
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high-speed electric locomotives on which the most complete ex- 
perimental information exists. 


GENERAL THEORY 


It is a matter of frequent observation that high-speed equip- 
ment may oscillate continuously of its own accord. The only 
source of energy available to keep these oscillations going is the 
driving energy which maintains the speed. In a balanced ma- 
chine, the only way in which this energy can be tapped to produce 
a sustained oscillation is through friction at the tread of the 
wheels. Whenever the locomotive wheel base makes a small 
angle with the track, friction makes it run sideways until the 
wheel flanges hit the rail. Asa result of the impact, the wheel base 
may become pointed toward the other rail. If this motion per- 
sists or increases there is an ever-present tendency to breakage or 
derailment. 

A study of the friction at the head of the rail shows that for 
oscillations at high speed the frictional force is not constant, 
but actually approaches a creepage force, varying with the 
amount of slip. Theoretical calculations which have been made 
of this creepage force are fairly representative of test data. 

The initial motion which starts an oscillation may be due either 
to inherent instability of the wheel base or to rough track. Both 
cases have been reduced to calculations by which the tendency 
of locomotives to start oscillation may be compared. The 
calculation of the oscillation itself has been divided into two 
parts. 

First, assuming some reasonable type of oscillation, it is possi- 
ble to calculate the speed at which the oscillation will just sustain 
itself because the losses and gains of energy are equal. Further 
details of these calculations are given in the Appendix. This 
speed is proportional to the frequency of the oscillation, which is 
still unknown. Other factors, such as the lag of the rear end be- 
hind the front end in side motions, can be calculated to give the 
lowest critical speed. 

After this energy calculation is made, a study of the motion 
in more detail is made to determine the frequency and to ascertain 
whether the forces resulting from such a motion will approximate 
those required to produce it. The calculation is essentially one of 
successive approximations. It is practical because the frequency 
is not affected much by the friction and damping. Therefore, the 
calculation of frequency can, after some experience, be made 
quite simply in many cases. 

These calculations apply chiefly to straight track. On curves, 
it is usually sufficient to draw a diagram of the locomotive in the 
curve showing the locomotive in equilibrium and to see whether, 
with large variations in friction, the position is stable. The 
author has found it most useful to use a diagram in which a re- 
duced scale is used for the direction corresponding approxi- 
mately to the length of the locomotive and to use a full scale at 
right angles to this direction. Then clearances are approxi- 
mately full size and the diagram is accurate at all points. 

These calculations, particularly the energy method of studying 
oscillations on straight track and the layout method for curves, 
generally allow a steady locomotive to be designed or indicate 
the reason for observed instability. If severe flange pressures 
cannot be avoided, their values can be estimated by following 
these methods further. The allowable limits of pressure have been 
investigated in an elementary way to bring out the important 
factors, and some methods of calculation have been outlined, relat- 
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ing to derailment and lateral shifting of track. These methods 
of calculation are given in the Appendix. 


Test Meruops 


Most of the author’s tests have been made to record lateral 
pressure between the axles and the locomotive frame. This is 
done by modifying the journal boxes so that the axles are re- 
strained laterally by steel ‘“‘weigh-bars’”’ one on each side, these 
bars being adjustable to give the required clearances. Lateral 
pressure bends one of these bars, and an electromagnetic strain 
gage on the bar records the pressure on an oscillograph record. 
The bars are calibrated statically in a testing machine. Records 
have been obtained both on films and on paper rolls 100 ft long. 
Pressures on all axles of a locomotive may be recorded simul- 
taneously. 

Tests have also been made in which truck motion, acceleration, 
rail stress, and rail pressure have been recorded. The author 
has also had access to numerous tests of this nature made by 
other investigators in this field. 


ConcLUSIONS 


In order to keep a locomotive of conventional type from exert- 
ing high flange pressures on straight track when moving at high 
speed, the wheel base should be long and the clearances small to 
reduce angularity in the track. The independent swiveling of 
trucks on straight track should be prevented. Wheels near the 
center of the locomotive should be flanged and should preferably 
have lateral freedom in the frame, so that they guide themselves 
and do not reduce the stability of the wheel base. 

Springs should be as soft as is practical to cushion blows and 
reduce the forces due to oscillation. 

On high-speed curves, truck restraints and wheel bases should 
be studied to avoid instability. On sharp curves the long wheel 
base should be able to adjust itself to reduce angularity between 
flanges and rail, and to avoid high flange pressures. 

The height of the center of gravity of the locomotive is a com- 
promise. In general the height should be reduced where the 
locomotive is well guided and where the track is good. 

Excessive axle weights should be avoided. In actual designs, 
these ideals can only be approached. Long rigid-frame loco- 
motives tend to oscillate on high-speed curves and to derail on 
sharp curves. Therefore, designs must aim particularly at re- 
ducing these tendencies. Because articulated locomotives tend 
to oscillate on straight track at high speed, restraining devices 
are used to eliminate this tendency. Truck restraints with de- 
creasing characteristics may also be necessary to avoid excessive 
flange pressures on sharp curves. 

Good track maintenance and uniform construction and stiff- 
ness with the minimum practical flange clearance are always of 
great importance. 

It is very desirable to obtain more measurements of forces 
produced by different locomotives and particularly to make 
further tests on the limiting forces which track can safely with- 
stand. 

An energy method of calculating locomotive oscillations has 
been developed by B. F. Langer and J. P. Shamberger,? but their 
calculations do not agree with those given in this paper. 
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Appendix 


FRICTION AND CREEPAGE BETWEEN WHEELS AND Ralits 


According to a common theory, a wheel will roll on a rail 
without slipping until the tangential force at the point of contact 
is sufficient to overcome the friction, given by the load on the 
rail multiplied by the coefficient of friction. As long as the force 
retains this value, the wheel will continue to slip. The coefficient 
varies greatly with the conditions. Usual typical values are 
given in Table 1. 


TABLE 1 COEFFICIENTS OF FRICTION FOR DIFFERENT RAIL 


CONDITIONS 
Condition Coefficient 
Dry surfaces, slow speed and slight slipping................... 0.25 
Dry surfaces, high speed and alight slipping................... 0.15 


If the wheel and rail were rubber, the rolling wheel could creep 
in the direction of any tangential force, due to the elasticity of 
the materials in contact. Steel being elastic, the same creep 
must occur to a reduced extent and theoretical studies indicate 
that the amount of the creep is sufficient to allow many of the 
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Fig. 1 Larerat Force To Suip a LocoMoTive AXLE 
LATERALLY AS OBTAINED From Tests aT SPEEDS 25 To 60 


motions of actual locomotive wheels without requiring the whole 
area of contact to slip. The creepage is defined as the ratio of 
creeping to rolling displacement of the wheel. The creepage co- 
efficient is the ratio of tangential force at the point of contact to 
the creepage. 

The creepage coefficient has been calculated for a particular 
case of F. W. Carter,*4 who gives the formula 


jf = creepage coefficient, lb 
= 3500 (wheel diameter, in. X axle load, Ib)°-® 


The present author has made about 50 measurements of the 
lateral force required to hold an axle with blind tires while going 


3“On the Action of a Locomotive Driving Wheel,”’ by F. W. Car- 
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cies to Derail,’”’ by F. W. Carter, Selected Engineering Paper No. 91, 
The Institution of Civil Engineers, 1930. 
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around various curves. The results are rough, due to such condi- 
tions as fluctuations in the force and uncertainty as to super- 
elevation, but the results plotted in Fig. 1 for speeds of 25 to 60 
mph and in Fig. 2 for speeds of 60 to 70 mph show a marked 
tendency for the lateral force to decrease to zero with the curva- 
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ture, for curves less than about 3 deg. The angularity of the axle 
to the track radius can be estimated for the locomotive on which 
these tests were made. It increases roughly with the curvature. 
Calculations in the range from 1 to 2 deg give an approximate 
angularity (and therefore creepage) of from 0.0007 to 0.0017 
and an average creepage coefficient of about 8,500,000 lb. Dr. 
Carter’s’ formula gives a creepage coefficient in this particular 
case of 8,600,000 lb. The difference is less than the probable error 
of either figure. 

The creepages required to allow the oscillation of locomotives 
at high speeds on tangent track are within the range of these 
tests and the author therefore believes that the creepage theory is 
a legitimate one to use in such studies. 

It should be noted that J. Buchli’ made model tests and con- 
cluded that: “To cause lateral movement of a hauled wheel from 
its neutral position, a force of definite magnitude is necessary, 
the value of which is equal to the product of the load on the wheel 
multiplied by the coefficient of friction. ...” 

Applying Carter’s formula to the loaded wheel used by Buchli 
(about 12-in. diameter with less than 1000 Ib load) the maximum 
creep before complete slippage would be of the order of 0.04 per 
cent, which would be inappreciable in the test. Buchli’s result 
applies to wheels running with considerable angularity on sharp 
curves and does not contradict the author’s observations at high 
speed, where the angularity of wheels is very small. 


OscILLATIONS STARTED BY INHERENT INSTABILITY 


There are some locomotives which are unstable on perfect 
track, even before the flange forces come into play. Such a loco- 
motive will always start to deviate from steady motion down 
the track. When the flanges hit the rail, the resulting oscillation 
may sustain itself or may decrease, but if it decreases a new one 
will start, resulting in more flange impacts and so on indefinitely. 
This natural instability has been studied by F. W. Carter.*+ 
Broadly there are two causes of instability. 

The first is the tendency of certain combinations of wheel bases 
to get out of line. A 4-4-0 locomotive with sufficient guiding 
force in the engine truck will follow that truck and tend to 
straighten itself. The same locomotive reversed, 0-4-4, will 


5 “Behavior and Movement of Locomotive Wheels on the Track,” 
by J. Buchli, Bulletin of the International Railway Congress, new 
series, vol. 6, no. 6, June, 1924, pp. 417-437. 
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buckle because the rear truck tends to run in its own direction, 
which causes the drivers to become more and more out of line 
with the truck. A stable locomotive, from this point of view, 
will tend to straighten its wheel base and proceed in a straight 
line, but this line will not necessarily be the center line of the 
track. The angular deviation will be that produced by an acci- 
dental disturbance and will not be increased by buckling of the 
wheel base. 

The second cause of instability is the coning of wheel treads. 
A rigid truck wheel base with all wheels equal and coned, moving 
slowly down uniform track will, if given a slight displacement, 
tend to move sinuously, the motion repeating after a certain dis- 
tance. As the speed increases, the motion becomes unstable, 
due to the mass and moment of inertia of the truck. If the wheels 
are of different diameters, a truck with smaller wheels leading 
tends to run more stably and one with smaller wheels trailing 
tends to run more unstably. 

In the author’s opinion the effects of coning on large locomo- 
tives are generally small, because (1) the coning of new wheels 
is generally small, (2) the coning of new wheels is quickly worn 
down, and (3) the clearances between axles and truck frames 
usually tend to reduce its effect. On the trucks of light-weight 
high-speed cars, the effect of coning is considerable. 


OSCILLATION STARTED BY RouGH TRACK 


If track is poorly surfaced it will start a motion of the loco- 
motive. A rolling motion results from variations in the level 
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of the two rails. In general, this roll is reduced by giving the en- 
gine a long natural period of roll on its spring system and by 
increasing the locomotive length, so that the various axles pro- 
duce their effects at different times and interfere with each other. 
If the surface irregularity is very short, the effect on each axle is 
to produce an angular velocity 


(Al/2) X (kg/I) X (1/V) 


Where A = maximum cross-tilt of the track at the irregularity; 
1 = the length of the irregularity which is assumed to have the 
shape, A[1 — cos(2rz/l)]; k = moment acting on the body of 
the locomotive, due to the springs, per unit angular movement of 
the axle; g = acceleration due to gravity; J = the moment of 
inertia of the locomotive body in roll about an axis through the 
centers of the axles; and V = the speed of the locomotive. The 
angular velocity can be represented by a vector rotating with 
angular velocity equal to 27 times the natural frequency of the 
locomotive in roll. 

If the next axle is a distance L behind the first one, it will 
receive its impulse after a time L/V and the subsequent motion 
is represented by adding to the first vector a second of a mag- 
nitude calculated for the second axle and lagging a time L/V 
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behind the first. The effects of successive axles can be added in 
a similar way. If the locomotive springs are heavily damped, 
the resultant vector can have this damping applied to it during its 
rotation. 

This vector diagram will show the rolling motion completely. 
It will be clear from inspection that if a locomotive has n similar 
axles which are equally spaced, it will leave the irregularity with 
no roll at all if the time taken to pass over it is just equal to 
(n —1)/n times the natural period of the locomotive in roll 
(assuming undamped springs). Fig. 3 shows the relation be- 
tween the final roll and the speed of a symmetrical two-axle truck 
plotted in dimensionless coordinates. As V/fL increases above 2, 
the roll 


6/[(Al/2) X (kg/fL)] 


increases to about 0.36 and then decreases steadily toward zero. 

Roll in itself will not always start any other oscillation, but it 
constitutes a reservoir of stored energy which produces nosing 
if any accidental angularity occurs. 


FLANGE IMPACTS 


When a wheel flange runs against the rail, its lateral motion is 
quickly stopped. The locomotive begins to roll and the flange 
tends to bounce back away from the rail. If the center of gravity 
of the locomotive continues to move in the same direction after 
the impact, the springs, in bringing the locomotive back from its 
roll, will pull the flange back again and a second impact will take 
place. On the other hand, if the center of gravity is low, so that 
the impact reverses the direction of its motion, the flange may 
not come in contact with the rail again until the whole locomotive 
has completed another oscillation. Actually, the impact is re- 
duced by the effect of the increasing diameter in the throat of 
the wheel flange, which tends to prevent direct impact on the 
flange. The detail calculations of multiple flange impact are not 
difficult, but may be very laborious because of the repeated dis- 
continuities in the forces. In many cases where the locomotive 
as a whole is being studied it will be found convenient to make 
the following simplifying assumptions: 

With the flange hitting the rail, consider a point above the 
axle situated on the longitudinal axis through the center of 
gravity of the locomotive body. If, after impact, this point moves 
away from the impact point, then subsequent impacts are 
neglected. If this point moves toward the impact point, then 
the impact is recalculated, assuming that the flange is guided 
along the rail smoothly as the result of an inelastic impact. For 
the dividing line, where the point is stationary, the two assump- 
tions do not give the same result, but the actual motion is con- 
siderably affected by small variations, so that it is not unreason- 
able to have a case where the solution is uncertain between two 
limits. When spring friction or damping is taken into account, 
the impacts are usually simplified, the approximations become 
more accurate and agree well among themselves. If necessary, 
the more exact calculations of multiple impact can always be 
made. 

The theory of multiple impact is borne out by the nature of 
actual blows as recorded in high-speed oscillograms. Under 
varying conditions, particularly of spring friction, these show (1) 
single blows, (2) fluctuating blows, and (3) blows in which the 
rebound actually divides the blow into two parts, an initial 
peak, falling to zero and followed by a fluctuating pressure of 
longer duration. Calculation of impact fora single unit is made 
as follows: 

If h = the height of the center of gravity above the centers 
of the axles, k, = radius of gyration about a longitudinal axis, 
k, = radius of gyration about a vertical axis, 1 = distance of 
impact ahead of the center of gravity, W = weight of the body, 
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u = lateral velocity of the center of gravity, w, = angular ve- 
locity of the nosing action, and w, = angular velocity of roll, 
then the equivalent mass at the point of impact is 


| 


| (u +> lw, — hw,) 


| 
g + (h?/k,*) + (?/k,*) 


Therefore, after the impact, the velocity of the point z = 1, y = 0, 
and z = Ois 


E 2(u + lw, — he) | 
1+ (h?/k,*) + (P/k,?) 


+ + 2) | 

+ (2/k,2)1 (u + lo, — 
1 + (h?/k,2) + 


CRITICAL SPEED ON TANGENT TRACK 


The energy method of calculating critical speed is similar to 
other energy methods used in engineering calculations. A reason- 
able sinuous motion is first assumed and the loss or gain of energy 
of the locomotive is calculated for this motion. The loss and 
gain depend on the speed of the locomotive, and the lowest speed 
at which they balance is called the critical speed. Subject to 
reasonable limitations the shape of the assumed path can be varied 
to obtain a minimum critical speed. 

Assuming a constant forward speed V, the locomotive can dis- 
sipate energy (a) by lateral and angular oscillations which cause 
the wheel treads to slip or creep on the rail, (6) by rolling, due to 
friction and damping in the springs, (c) by the operation of 
such devices as internal friction plates and dampers, (d) by im- 
pacts between flanges and rails, and (e) by rough track where this 
reduces existing oscillations. It can gain energy by (f) the 
tendency of any angularity of the wheel base to give the engine 
a lateral velocity and (g) rough track where this starts or increases 
oscillations. It is easier to consider first (a) and (f), the forces 
at the head of the rail. It is clear that with perfect uniform track 
it is not possible to gain or lose energy in flange impacts because 
these are uniformly elastic and the only forces left are those of 
slip or creep between the head of the rail and the tread of the 
wheels. 

The calculation is based on the fact that the rate of gain of 
energy at each point of contact is equal to the force acting on the 
wheel multiplied by the velocity of motion of the point of applica- 
tion in the direction of the force. If the motion is in a direction 
opposite to the force, the gain becomes a loss of energy. First 
assume that the wheels creep, with a creepage coefficient f. 

Let an arbitrary reference point o shown in Fig. 4, be taken 
which moves down the center of the track with velocity V. Let 
the wheel base be deflected a distance y to o’ and rotated an 
amount 6. Then the lateral deviation of an axle distant / 
ahead of the reference point is y + 1. The lateral velocity is 


y+ 
Of this velocity, V@ is due to rolling displacement of the wheel, 
and the velocity of creep is 
y + 6 — Ve 
The creepage force is 


— (f/V) (y + 16— Ve) 
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The rate of gain of energy is creepage force times la- j 
teral velocity 


= —(f/V) (j + Vo) +B) 


Now assume that y and @ are sinusoidal, which is a 
reasonable first approximation, and let w = 2zxf, where 
f is the frequency. Then 


y = Y sin wt 


émay be written 6 cos (wt + ¢), @ being now the maximum 
value, and the average rate of gain of energy 


= — (f/V)[(Y%w?/2) + Ylew?sin e + (l%w%?/2)] 
+ f(@Yw cos 


For the whole wheel base, summing over various 
axles 


Gain of energy = — 2(fw?/2V)[Y¥? + 21Y¥@sin + 16? 
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DIRECTION 
Or MOTION 


— (V/w)Y@ cos 


For the critical speed, this must be zero, or 


TOTAL LATERAL VELOCITY, 


CREEPAGE 


=y+ £0 - 


VELOCITY 
ve 


cr = @ 
cos 
= — — Fia. 


Choose the origin of the coordinates so the =fl = 0. This makes 
the second term vanish, making it obvious that the least value 
of critical velocity Ver is given by the cos e« 1, so that 


Ver = + 
which is a minimum when 


Y/@ = (2fP/2f)@/Y) 


Therefore 

= V(2fl/2f) 
giving 

Ver = 


This calculation neglects the effect of the track gage, although 
it can be taken into account by adding the effect of longitudinal 
forces due to the different longitudinal speed of the two wheels 
on one axle. 

The rate of gain of energy is increased by 


— 0.25( f/V)S*6* 


where S = the track gage measured between center lines of the 
tread contacts. Therefore, the speed 


+ (S*/4)] 


Finally, the effect of lateral clearances in the locomotive has to 
be taken into account. This theory is a first approximation, the 
motion of all parts being assumed sinusoidal. It follows that a 
proper assumption to make with regard to axles with clearance 
in the journal boxes is to take their motion as sinusoidal and to 
make the assumed positions coincide with the real positions at 
the extreme points of the cycle, where impacts take place. There- 
fore, assume that the motion of the frame laterally with respect 
to the axle is proportional to the motion of the axle laterally with 
respect to the track and that the internal clearance is taken up 


V = 2 


WHEEL = 


Fic. 4a Position DIAGRAM FOR 
A SIMPLIFIED TRUCK WHEEL 


A StmpiiFiep Truck WHEEL 


Fie. 5 DtaGram oF MOTION OF A 
SIMPLIFIED TRUCK 


VeLocity DIAGRAM FOR 


at the same time as the track clearance. In any oscillatory mo- 
tion this will give very closely the same extreme conditions, the 
same track impacts and the same net energy transfer at the head 
of the rail as in the real motion. 

As a second approximation, if necessary, the motion calculated 
in this way can be plotted and corrections made graphically. 

Let C; = the internal clearance between axle and frame, 
C, = the track clearance between flanges and rail, and » = the 
ratio of track clearance to total clearance, so that 


w= + C) 


First assume that u is the same for all axles. Then 


y= + (S*/4u*)] + (S*/4)] 


so that internal clearance is equivalent to a reduction in wheel 
base. 

If different axles have different clearances, so that each axle 
has its own value of u, then the origin of the coordinates is to be 
taken so that =fu2l = 0 and 


Ver 


(2fu)? 


Losses due to spring friction and the effects of coning may be 
included similarly. These formulas depend on the creepage 
theory of wheel action. It is worth while to show that if slippage 
with constant friction is assumed, the results do not differ 
greatly. 

Take the simple case of a truck with two equal axles and 
assume that the motions are sinusoidal. In Fig. 5 consider the 
motion of the front wheel across the track, along the path A,B). 
The motion is uniformly to the right, so that if the friction force 
is also to the right, the front wheel will gain energy, but if it is 
to the left the front wheel will lose energy. In the position shown, 
both wheels are losing energy and will continue to do so until 
they become tangent to their paths or their directions of motion 
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change. An examination will show that the lowest critical speed 
is obtained by letting the rear wheel touch the left rail as the front 
wheel crosses the center line of the track tangentially to its path. 
Then, when the front wheel passes C; its loss will become gain. 
Similarly, the rear wheel will start to gain energy after it passes 
Ay. Each wheel gains er>rgy over half its lateral path and loses 
it over the other half so that the gain and loss are balanced. 
This condition for minimum critical speed is expressed by the 
formula 


2l = Ver/w or Ve = 2lw 


which is the same formula as was obtained by the creepage 
theory for this case. 
More complicated wheel-base arrangements can be calculated 


X= Tota AMPLITUDE OF MOTION 

d= CLEARANCE 

F = FREQUENCY OF OscILLATION 

f = FREQUENCY OF OscILLATION WITH 
No CLEARANCE 


0.4 


Fic. 6 Errect oF CLEARANCE AND AMPLITUDE ON FREQUENCY OF 
OSCILLATION 


analytically if required, using vector diagrams to portray phase 
relationships. 


FREQUENCY OF LOCOMOTIVE OSCILLATIONS 


The frequency of roll is given by the well-known formula 
f = (1/2x)V[(M — Wh)g/Wk?*] 


where f = frequency, cycles per sec; M = the restoring mo- 
ment, ft-lb per radian; W = the weight of the rolling part, lb; 
h = the height of the center of gravity of the rolling part above 
the center of rotation (center line of the axles), ft; k = the radius 
of gyration of the rolling part about a longitudinal axis through 
the center of rotation, ft; and g = acceleration due to gravity, 
32 ft per sec per sec. 

The ratio M/W is called the metacentric height h,,, and there- 
fore the last given equation can be written 


= — h)g/k*] 


In some cases, the natural frequency of roll is also the fre- 
quency of nosing oscillations. This is true particularly of loco- 
motives consisting of a single rigid frame, with a high center of 
gravity and a fairly low frequency of roll. When the flange of 
the rear driver of such a locomotive hits the rail, the rolling 
oscillation keeps this flange in contact until the return of the 
center of gravity allows the flange to leave the rail and the 
axle to move quickly across the track, where a roll in the opposite 
direction takes place. 
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If the frequency of roll is very high, the time taken by the roll 
will be short and the time taken by the axle to pass through the 
clearance will become important. To illustrate this, Fig. 6 shows 
the great effect which amplitude of motion has on frequency 
for the simplified case of a weight moving between springs, with 
clearance. 

At the other extreme is a locomotive with an extremely low 
center of gravity, in which case the flange impacts do not produce 
any appreciable rolling and the frequency depends entirely on the 
speed with which the axles traverse the clearance. In the study 
of critical speed, it was shown that for a self-sustaining oscilla- 
tion 


V = Cf/cos « 


where V = speed, C = a constant depending on the type of loco- 
motive, f = frequency of motion, and (1/2) — e = phase differ- 
ence between lateral and rotational motions. If cos e = 1, then 


f = (1/C)V 


so that the frequency would increase with speed. The lateral 
blows on the flanges, which produce the necessary acceleration 
would be roughly proportional to the square of the speed. Ac- 
tually, with extreme oscillation, the locomotive would tend to 
be thrown more nearly broadside onto the flanges, i.e., the lateral 
and rotational motions would come more nearly into phase. 
Then cos « would be less than unity and the frequency of sus- 
tained oscillations would no longer be proportional to speed. 
Nevertheless, the highest frequency oscillation which could be 
sustained is given by f = (1/C)V and this will give an upper 
limit to the severity of the blows at any speed if rolling or other 
lateral motions in the locomotive are negligible. Detail calcula- 
tions are necessary to proceed further. In starting the study of 
a locomotive, vector diagrams are very useful, as long as their 
limitations are recognized. 

Another useful approximation is to consider the front end 
of the locomotive fixed against one rail and to calculate the 
period of swing of the wheel base as a damped pendulum, 
under the effect of the creepage forces. In some cases the motion 
can be divided into two types, to each of which an approximation 
applies. 


OPERATION ON CURVES 


Locomotives may oscillate at high speeds on curves of long 
radius. The energy methods of calculation are frequently useful 
but there are other ways of attacking the problem which are often 
more direct. The first stage in any study is to find the equilibrium 
position of the locomotive on the curve. For curves of very long 
radii the creepage theory is probably the most correct to use. For 
sharp curves, the theory of slipping is more correct. For prelimi- 
nary studies it is generally very enlightening to take, for con- 
venience, the theory of constant slipping force and to neglect the 
effect of the width of the gage. Then any wheel which slips is 
subject to a lateral force equal to the weight on the axle multi- 
plied by the coefficient of friction. This coefficient may conven- 
tionally be taken as 25 per cent for slow speed on sharp curves 
(roughly up to 40 mph and on 6-deg curves and sharper), and 15 
per cent for high speed on long-radius curves (roughly above 
60 mph and up to 4-deg curves). 

The locomotive wheel base is laid out in a possible position on 
the curve in question and the forces are evaluated. If the forces 
are in equilibrium the position has been correctly chosen. If 
the forces have a resultant, the locomotive is moved in the 
direction which this resultant indicates until finally an equilibrium 
position is located.® , 

When the equilibrium position is obtained it should be ex- 
amined to see if it is stable. Stability is shown particularly by 
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two well-defined points at which the locomotive is held against 
the rail, these points being well separated to give a long base. If 
there is only one definite point and the locomotive is balanced by 
slipping wheels, guiding-truck restraints which are not locked, etc. 
the locomotive will be unstable at even slow speeds, because the 
frictional and other forces are not actually constant. Every 
slipping wheel will, if it can, roll and slip alternately, following 
a saw-tooth path. Therefore, the equilibrium position must be 
independent of large changes in the coefficient of friction. Also, 
wheels which make considerable angles with the rail should be 
able to execute small rapid oscillations without forcing the main 
mass of the locomotive to follow them, otherwise major oscilla- 
tions will be started by small track irregularities. 

A frequent cause of oscillation is due to excessive speed where 
the centrifugal foree becomes sufficient to shift one or more 
axles from the inner to the outer rail, thus upsetting the balance 
and causing the locomotive to oscillate. More detailed calcula- 
tions of any kind of motion which is indicated by this preliminary 
study can be made using energy methods as used for critical speed 
on tangent track. 


SAFETY 


Lateral pressure on an axle may (1) cause derailment, (2) 
spread or overturn the rail, (3) move the track bodily through the 
ballast, (4) break the axle, frame or other parts of the locomotive, 
or (5) may overturn the locomotive. 

Derailment. The formula for the maximum lateral pressure 
on an axle which can be exerted before the wheel flange will climb 
the rail is,* for a positive angle of attack 


H/W = [(tana — f)/(1 + f tan a)] — (W’/W)f 
For the flange tangent to the rail 
H/W = tana 


The formula for the positive angle should be used in order to be 
safe. For a negative angle of attack 


H/W = |(tana + f)/(l —ftana)) + 


In these formulas H = the lateral force on the axle to produce 
derailment, W = the vertical load at the rail on the wheel which 
derails, W’ = the vertical load at the rail on the other wheel of 
the same axle, a = the inclination to the horizontal of the plane 
of contact between the flange and the rail, and f = the coefficient 
of friction. The vertical loads are not the static loads but are 
those actually existing at the time of derailment. 

The coefficient of friction is conventionally taken as 0.25. For 
high speed and small angles of attack it will probably be less al- 
though for slow speed on very sharp curves it may be more. It 
is suggested that for negative angles of attack, where decreased 
coefficient of friction decreases the allowable lateral load, 0.15 
should be used for high speeds and small negative angles of 
attack. 

The angle a, which is the inclination of the plane of contact 
between flange and rail, depends on the contour of the flange 
and of the rail, and on the angle of attack. 

While the contour of the flange can be drawn, it is very labori- 
ous to determine graphically the effect of angularity between the 
plane of the wheel and the plane of the rail. The following semi- 
graphical method can be used where the angularity is enough to 
make it worth while. 

The contour of the tire is drawn. Any convenient point on the 
contour is chosen as the origin of the coordinates and the contour 
is then a curve connecting z and y as shown in Fig. 7. 


‘“Traité de Stabilité du Matériel des Chemins de Fer,’ by 
Georges Marié, Ch. Béranger, Paris, France, 1924, pp. 288-299. 
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If the wheel is now turned through an angle @ about a vertical 
axis, the projected contour becomes a new curve, determined by 
X and Y as before and also by Z, perpendicular to the plane of 
projection. 
Then, corresponding to any original point (z, y) there is a new 
point on the projected contour (X, Y, Z) given by 


(R—Y)? = (R —y)?(l — (y' tan 6)?] 
X = cosé(e¢ + (R— y)y' tan? 6] 
Z = —sin — (R—y)y'] 


where R = the radius of the wheel measured to the point on the 
tire which is taken as the origin of the coordinates, and y! = 
dy/dz in the original curve y = f(z). 
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Fic. 7 DrtaGraM or TrreE Contour ON AN INCLINED WHEEL 

Take a number of points (z, y) on the original contour, caleu- 
late X and Y by the latter three formulas, and plot Y against X. 
This will be the projected contour of the tire when turned through 
an angle 6. The projected contour can then be laid against a 
section of the rail to determine where they touch, and the slope 
of the tangent at the point of contact can be measured or calcu- 
lated. If required, Z can also be calculated for this point to ascer- 
tain how far ahead of or behind the center of the wheel the point 
of flange contact is located. To prove the validity of these formu- 
las refer to Fig. 7. Take the origin of coordinates at a point O 
on the tire. Let P be any point on the surface of the tire, with 
coordinates X,, Y, Z,. In the normal cross-section of the tire, 
P would have coordinates z, y. 

Now rotate the wheel about a vertical axis OQ through an 
angle 6 so that P moves to P!. The coordinates of P! are X, Y, 


and Z. Then 
xX, = 2 
QP? = (R—y)? = + (R—Y)?.......... 


(— X,/Z,) + (X/Z) 
1 + (X,X/Z,Z) 
A condition when X, Y, and Z are on the projected contour of 

the tire is expressed by 


tan@ = 
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From Equations [1], [2], and [3] 
(R—y)? — (R—Y)? = (Zeos6 + X sin)? 
and 


az = Xcosé — Zsiné@ 


Differentiating with respect to Z, keeping Y constant and 
putting (0OX/0Z)y = 0 


— 2(R — y)(0y/0Z)y = 2 cos 0(Z cos 6 + X sin 4) 
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Fig. 8 Track DispLacep BY A STATIONARY LOAD 
and 
(dx/dy)(0y/0Z)y = —sin@ 
Eliminating (dy/0Z)y 
(R — y)(dy/dz) tan@ = Zcos6 + X siné 


Therefore 
(R— Y)* = (R— y)*{1 — (y' tan (5] 
X = cos + (R— y)y' tan*6]............... [6] 
Z = —sin — (R— y)y"]...... [7] 


If the contour can be expressed by a formula, the projection 
can be calculated directly. For example, if the contour is conical 
y = ztana and the slope of the projected cone is 


tan a/cos +/(1 + tan? a tan* 6) 
Movine TrAcK 


An excessive lateral load may move the track bodily through 
the ballast. The resistance to this motion is the friction be- 
tween the ballast and the bottom of the ties. 

A certain amount of side thrust can be exerted without any 
motion of the ties because the bending and twisting of the rail and 
compression of the ballast will distribute the thrust over a num- 
ber of ties and the thrust on at least one tie must overcome the 
total friction on that tie. There is little data available as to the 
distribution of lateral pressure between ties up to the point where 
they slip. After slipping starts, the following simplified calcula- 
tion is useful. 

Assume the frictional force resisting side motion is constant 
and equal to F lb per in. Consider also, the case where deflec- 
tion is all in one direction. In order for this to be possible, with 
a single applied load, reaction forces S are required at the points 
where deflection starts. Let the total length of deflected track 
be 21 in. Let the lateral load be W,. Then S = Fl— (W,/2) 
as can be observed from Fig. 8. 

For equilibrium and positive values of z, taking the origin at the 
point of application of the lateral load to the undeflected rail 

9 W, 


(7) +8 (7) -2 


where E = the modulus of elasticity of rail steel, J, = lateral 
moment of inertia of the track (two rails), 1 = 0.75(W,/F), and 
y = the lateral deflection of the track. 


y 
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The maximum deflection at the load is 
y, = 0.0044(W,4/F°ET,) 


Field tests show that this equation represents the facts fairly 
accurately for deflections from 0.25 in. to 1 in. For small deflec- 
tions, the loads are less than given by the equation. It appears 
that deflections up to approximately the order of 0.25 in. can be 
produced in heavily loaded track without causing permanent 
slip. In field tests, track was shifted considerably under a load 
and returned practically to the original position when the load 
was removed. 

If the vertical load on an axle is W,, the vertical force on the 
ballast per inch at a distance x is known to be 


P = [eos (x /4x;) + sin ] 


where 2; = (1/4) W(4EI,/U), I, = the vertical moment of 
inertia of one rail, and U = the modulus of foundation of one 
rail. 
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The maximum pressure under load is 
P, = (x/8)(Wy/x,) 


Dividing the frictional foree F by the vertical force P,, an 
index of the nature of a coefficient of friction is obtained. Numer- 
ous tests on good track with wooden ties in stone ballast show 
values of F/P, ranging from approximately 0.9 to 1.9 according 
to the condition of the track. The value increases with age up 
to the point where the ties decay if the track is undisturbed. If 
the track is raised and the ballast disturbed, the index is re- 
duced. Observations on some metal ties indicate a materially 
lower resistance to lateral motion. Except on newly laid track 
or metal ties, it seems reasonable to rely on a ratio of at least 1.0. 

Actually, the lateral friction force F will not be constant along 
the rail but will decrease as the vertical pressure on the ties de- 
creases and will be affected by adjacent wheels. Except on the 
first wheel of a locomotive, however, the adjacent wheels tend to 
keep the track uniformly loaded and therefore the assumption of 
a constant force F per inch is reasonable. A leading wheel will 
move track a little more easily than these approximate formulas 
indicate. The previous discussion refers to static conditions. 
When the locomotive is moving, less lateral force is required to 
shift the track. 

In Fig. 9, let O be the origin of the coordinates. Consider the 
track moving in one direction only and remaining shifted after 
the lateral load has passed. Let the coordinates move with the 
same speed as the load. Then, for the moving section 


EI (d*y/dx*) = Sx + W{x—1l} — (Fz*/2) 


where {...} are Macauley brackets, i.e., the bracket is taken as 
zero whenever the bracketed term is negative. 
But 


S = Fil+m) — W 
Therefore 


EI (d*y/dz?) = [F(l + m) + W{2—l} — (Fr*/2) 
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and since (dy/dz) = 0 when z = 0 
EI (dy/dz) = (F(U+ m) — W)(2*/2) + (W/2) {2 —1}?— (Fx*/6) 
Also putting (dy/dz) = 0 whenz =1+m 
(F/3)(L + = (WI/2)(l + 2m) 
and taking moments about the origin 


WL = (F/2)(l + m)? 
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Fig. 10 Latrerat Pressure From A MovinG Loap REQUIRED TO 
Propuce 0.25-In. Track MovEeMENT 
(F/Po = 1; Wit = 


whence 1 = 2m = (8/9)(W/F) 


Integrating again and putting c = / + m, the maximum de- 
flection is found to be 


Ymax = (32/2187)(W*/F*) = 0.0146(W,*/F°EL,) 
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Otherwise, for the same maximum deflection, the ratio of moving 
force to static force will be 


(0.0044/0.0146) = 0.74 


The lateral force exerted by a moving locomotive axle to pro- 
duce a 0.25-in. displacement of the track may be used as a con- 
venient index. According to the previously given formulas 


0.25 = (0.0146W,‘/(F°EI,) 


F = (F/P,)(W,/2)~/(U/4EI,) 
Therefore 
W, = Wi 
and if E = 30,000,000 lb per sq in. and (F/P,) = 1 
W, = 


The latter formula indicates that the weight of the rail has 
very little influence, that the modulus of foundation, i.e., the 
stiffness of the ballast, is quite important, and that, other things 
being equal, the allowable ratio of lateral to vertical load on an 
axle decreases as the axle load increases. 

Taking typical values for good track with 131-lb rail, J, = 
16.1 X 2 = 32.2, 7, = 89, and U = 2500. These values sub- 
stituted in the last given equation give 


W, = 12.2W,3 


the curve for which equation is plotted in Fig. 10. 

In this discussion, the moment of inertia of the track J, has 
been taken as being due to the rails alone, which is not strictly 
accurate inasmuch as other factors enter into it. Before these 
factors can be taken into consideration, additional experimental 
data is required, which is not available at the present time. 


att 
and 
mz 
| 
4 
» 


Ss 

Geek 

See 
AS, 

Pt 

> 


RR-57-4 


Lateral Oscillations of Rail Vehicles 


By B. F. LANGER! ano J. P. SHAMBERGER,? EAST PITTSBURGH, PA. 


The authors point out in this paper that lateral oscilla- 
tions, which either do not occur or are negligible at slow 
train speeds, are of vital importance at the high train 
speeds now demanded by the railroads in order for them 
to compete successfully with the swiftly moving auto- 
mobile and the much swifter airplane. Aside from col- 
lisions and broken rails, practically all railroad accidents 
result from lateral derailments, since vertical derailments 
occur only on those rare occasions when a bridge or trestle 
collapses from flood or storm. Lateral derailments are 
caused by lateral pressure of wheel flanges against the rail. 
Therefore, the prevention of lateral derailments requires a 
knowledge of both the conditions which cause high lateral 
forces and of the conditions which must prevail in order 
to keep the lateral forces below some indicated safe value. 

The literature on the subject of lateral oscillations of rail 
vehicles is rather meager. Nadal’ and Marie‘ discuss the 
type of oscillations that are forced. Boedecker,’ as well as 
the authors previously mentioned, discusses the weaving 
motion of the wheel base due to the conicality of the wheel 


1—FUNDAMENTAL CONSIDERATIONS 


N ORDER to investigate the possibilities of self-induced 

I lateral oscillations in rail vehicles, the simple case of a 
symmetrical vehicle with two axles in a rigid frame sup- 
porting a spring-borne mass as shown in Fig. 1, will be considered 
first. It runs on a track the vertical flexibility of which is small 
compared to that of the springs of the vehicle, but which allows 
lateral motion of the wheels and axles, partly through flange clear- 
ance, partly through the riding-up of the wheel onto the throat of 
the flange, and partly through elastic distortion of the track itself. 
The springs of the vehicle allow vertical motion of the sprung 
mass relative to the unsprung mass. They also allow a sidewise 


1 Mechanics Division, Westinghouse Research Laboratories, East 
Pittsburgh, Pa. Mr. Langer was graduated from Stanford University, 
where he received the degree of B.A. in 1926 and of Engineer in 
1928. He has been employed in his present position since 1928, on 
mechanical problems relating to railway engineering. 

? Railway Engineering Department, Westinghouse Electric and 
Mfg. Co., East Pittsburgh, Pa. Mr. Shamberger was graduated 
from Cornell University in mechanical engineering in 1912. He was 
then employed as mechanical engineer for the Rock Island Railroad 
and later as engineer appraiser of railway mechanical equipment by 
the Interstate Commerce Commission. He has been employed in 
his present position since 1923, his work consisting of the design of 
electric-locomotive parts and locomotive testing. 

’ “Theorie de la Stabilite des Locomotives, Part 2; Mouvement 
de Lacet,”’ by M. J. Nadal, Annales des Mines, vol. 10, 1896, pp. 232. 

4 “Traite de Stabilite du Materiel des Chemins de Fer,”’ by Georges 
Marie, Librairie Polytechnique, Ch. Beranger, Paris, 1924. 

5“Die Wirkungen zwischen Rad und Schiene,”’ by Boedecker, 
Hahn’sche Buchhandlung, Hannover, 1887, p. 97. 

Contributed by the Railroad Division for presentation at the 
Annual Meeting of Taz AMERICAN Society oF MECHANICAL ENGI- 
NEERS, to be held in New York, N. Y., December 2 to 6, 1935. Cer- 
tain phases of this paper were presented at the A.S.M.E. National 
— Mechanics Meeting, University of Michigan, June 19, 

935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


treads. The weaving action which Boedecker discusses 
must be started by an initial disturbance and, in the ab- 
sence of further periodic disturbances, can neither build 
up toa higher amplitude than that produced by the initial 
conditions nor be sustained, but must quickly die away. 
Carter® develops the stability condition for a rail vehicle 
as determined by the slippage at the treads. 

The essential difference between the previous stud- 
ies*:**-6 and the present one is that the previous ones dis- 
cussed forced oscillations the life of which depended 
upon the application of some periodic force, such as that 
from cylinder action or rail joints, whereas the present 
discussion describes and explains a type of oscillation 
which, after an initial disturbance, even though a minor 
one, may build up to dangerous proportions and sustain 
itself indefinitely on absolutely perfect track. This type 
of oscillation is frequently encountered and is commonly 
known as “‘nosing.”” It is only one phase of the whole 
problem, but it represents the most serious menace to the 
safe operation of rail vehicles at high speed. 


rolling motion and a fore-and-aft pitching motion, but no relative 
rotation about a vertical axis. This system has six degrees of 
freedom, three of which are motions of sprung mass relative to 
unsprung mass, and three of which are motions of unsprung mass 
relative to the ground. The three motions of sprung mass rela- 
tive to unsprung mass are (1) vertical motion, (2) rotational mo- 
tion about a transverse axis which is defined as “pitching,”’ and 
(3) rotational motion about a longitudinal axis which is defined 
as “rolling.” (Since the height of this longitudinal axis above 
the rail is less than the height of the center of gravity, the roll 
results in a lateral displacement of the center of gravity of the 
sprung mass relative to the unsprung mass.) The three motions 
of the unsprung mass relative to the ground are (1) lateral mo- 
tion, (2) longitudinal motion, and (3) rotational motion about a 
vertical axis. The system is not linear, the principal nonlinear- 
ity being in the lateral spring scale of the track. 

As a first step in the investigation of the possibilities of self- 
induced oscillations, the system can be simplified considerably in 
order to determine which features of it are essential to the exist- 
ence of the oscillations. Consider the case of a vehicle without 
any springs and no flange clearance. This eliminates the first 
three of the six degrees of freedom, which are the three motions 
of sprung mass relative to unsprung mass, and makes the lateral 
spring scale of the track linear. There are now just two possible 
types of lateral motion. One is a rotation about some vertical 
axis and the other is lateral translation of the wheel base. As far 
as lateral motions are concerned there are just two degrees of 
freedom. In order to have self-sustained oscillations in a system 
with two degrees of freedom there must be transfer of energy be- 
tween the two degrees of freedom and also net energy input to the 
system. In other words, the following three conditions must all 
be satisfied: (1) The rotational motion must produce lateral 
translation; (2) the lateral translation must produce rotation; and 
(3) a periodic force must have a component in phase with the ve- 
locity of lateral translation and a periodic moment must have a 
component in phase with the velocity of rotation. 

6 “On the Stability of Running of Locomotives,”’ by F. W. Carter, 
Proceedings, Royal Society of London, vol. 121, 1928, p. 585. 
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As long as there is forward velocity and friction at the treads 
of the wheels, the first condition is satisfied. The vehicle tends 
to travel in the direction of its own center line rather than in the 
direction of the track center line, because of the friction at the 
treads. Thus, whenever there is an angular displacement be- 
tween the track and vehicle center lines, the forward motion has a 
lateral component of which all points on the vehicle partake 
equally or, in other words, a lateral translation. Therefore condi- 
tion (1) is satisfied. 

In order to ascertain if the second condition is satisfied, see Fig. 
2. Here the wheel base is in an angular position and the track 
is bowed out on one or both sides. There is 8 moment exerted by 
the track tending to restore the wheel base to its neutral position. 
Note, however, that this moment is a function of only the angular 
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position of the wheel base and lateral translation does not affect 
it. If the wheel base is translated laterally, say upward, in 
Fig. 2, the force at the leading axle increases but the force at the 
trailing axle decreases by the same amount and the moment re- 
mains the same. Inspection readily shows that this holds true 
for any position of the wheel base. Consequently, condition (2) 
is not satisfied. The lateral translation does not affect the 
angular motion and no self-induced oscillations are possible in 
this simplified system. 

Now retrace one of these steps and replace the nonlinearity of 
the lateral resistance of the track. Actually, this nonlinearity is 
always present, except under very special conditions, because of 
the flange clearance. The spring scale may be considered as 
one which increases with displacement. Condition (1) is still 
satisfied. In Fig. 2, however, if the whole wheel base shifts 
upward, the leading axle moves in the direction of increasing 
spring scale, and the trailing axle moves in the direction of de- 
creasing spring scale. Therefore, the force at the leading axle 
increases more than the force at the trailing axle decreases, and 
the moment is changed. This change in moment occurs for 
any positions of the wheel base except those in which its center 
line is parallel with that of the track. 

Thus one condition is disclosed which is essential to the exist- 
ence of self-induced lateral oscillations in rail vehicles. The 
lateral resistance of the track must increase with the lateral displace- 
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ment of the wheel from its neutral position. This condition is satis- 
fied if flange clearance is present. 

It has been shown that for a conventional rail vehicle the non- 
linearity of the track spring scale must be considered since it 
furnishes the coupling between lateral and rotational motion. 
The differential equations which exactly represent such a system 
are nonlinear and impossible to solve for the general case. As 
an approach to the problem it is interesting to consider a rigid 
two-axle rail vehicle with flanges on only the leading pair of 
wheels. Such a vehicle can sustain its oscillations on a linear 
track without clearance, and the equations which represent its 
motion are solvable. 

In Fig. 3, let y = the lateral displacement between the center 
of the trailing axle and the center line of the track, a = the angu- 
lar displacement between the track center line and the vehicle 
center line, V = the forward velocity of the vehicle, J = the 
polar moment of inertia of the vehicle about a vertical axis 
through the center of gravity, M = the mass of the vehicle, K 
= the lateral spring scale of the track, B = the wheel base of 
the vehicle, and c = the track damping constant. 

In Fig. 3 let positive forces and displacements be upward and 
positive moments and angles counterclockwise. The lateral 
forces at the leading axle are —K(y + Ba) — c(y + Ba — Va). 
The lateral forces at the trailing axle are —c(y — Va). 

Note that the sliding velocity of a wheel is not its total lateral 
velocity, but the difference between the total lateral velocity and 
Va. Longitudinal sliding has been disregarded. 

The equilibrium of lateral forces gives 


M(i + (B/2)a] = —K(y + Ba) — c(2y + Ba —2Va) .. [1] 
The equilibrium of moments about the rear axle gives 
&[J + (MB*/4)] + (MB/2)j = —BK(y + Ba) 
—cB(y + Be —Va)....... [2] 
These equations can be solved completely, but this is not neces- 
sary for our present purpose. By the application of Routh’s 
criteria of stability’? the conditions under which the motion is 
unstable can be determined. We find that for stability 
+ 2KJ? + (1/2)Mc?B* + (1/8) 


4J%c + 2cB°JM + (1/4) 


[3] 


If J = (B?M) /4, the case of the mass concentrated at the axles, then 


V < Bie/M) + [3a] 
If J = 0, the case of a light swivel truck, then 
V < 2B[(c/M) + (K/4c)]............ [3b] 


It is interesting to note that this critical speed, below which 
oscillations will die out and above which they will increase in- 
definitely, is directly proportional to the length of the wheel base. 
It also increases with increasing track stiffness and decreases 
with increasing mass of the vehicle. Combining these last two 
statements we may say that the higher the natural frequency of 
the vehicle on the track the higher the critical speed. The term 
“critical speed”’ as here used does not mean the speed at which the 
oscillations are a maximum, but merely a border-line value above 
which oscillations build up and below which they die out. 


2—APPROXIMATE SOLUTION 
The next step will be to develop an approximate solution for a 


more conventional type of vehicle. Take a two-axle vehicle the 
mass of which is supported on springs and the unsprung mass of 


7*Mechanical Vibrations,” by J. P. Den Hartog, McGraw Hill 
Book Co., New York, 1934, chap. 7. 
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which is negligible. It has flanges on all four wheels and has 
lateral flange clearance in the track. The lateral spring seale of 
the track is high compared to the stiffness of the springs in the 
vehicle. The friction between the wheel and the rail is constant, 
not proportional to velocity. 

The difficulty in solving the problem lies with the nonuni- 
formity of the track resistance, which changes from zero to a 
large value when a flange hits the rail. It is known, however, 
that whatever the nature of the track resistance, it is such as to 
transform lateral motion of the wheel base into angular motion. 
Therefore, if the wheel base has a periodic lateral motion, it will 
also have a periodic angular motion. Let it be assumed that this 
angular motion can be expressed by the function a = Acoswt. 
The effect on the following solution if a is some other function of 
t is discussed in Appendix 3. 

Fig. 4 shows six successive positions of the wheel base and the 
body. Wherever the rotation is in such a direction as to make 
a pair of wheels move to the same side of the track as that to 
which the vehicle is pointed, that pair of wheels may be sliding 
in either direction, or else rolling. If the rotation is in the op- 
posite direction, the wheels must be sliding in the direction of 
rotation. Thus the direction of sliding of the rear wheels is 
indeterminate in I and IV and that of the front wheels is indeter- 
minate in II] and VI. 

Let Yi, Y, = the flange pressure on the leading and trailing 
axles, respectively, G:, G; = the friction forces at the leading and 
trailing axles, d = the lateral displacement of the body relative 
to the wheel base due to roll, Q = the vertical load on a wheel, 
uw = the coefficient of friction between a wheel and the rail, and 
K = the lateral spring seale of the body on the wheel base. 
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Fic. 4 Successive Positions oF A VEHICLE DURING OSCILLATION, 
Direction or Rotation AND OF ForCES 
EXERTED BY THE TRACK OR Bopy ON THE AXLES 


The equilibrium equation for the forces on the wheel base is 
Y,+ ¥2+G, + + Kd = 0 {4} 


For condition I, Yz; = 0, G, = 2uQ. Then Y; + 2uQ + G, + 
Kd = 0, or Y; = —2uQ — G, — Kad. 

Since Y, must be negative, and d is at this time negative, and 
G, cannot exceed 2uQ, then Kd must, in absolute magnitude, be 
equal to or less than 4uQ. If the amplitude of roll is such that 
Kd exceeds this value, then both pairs of wheels will slide to the 
right and Y; = 0. At the instant when Kd decreases to the value 
4uQ, the leading flange hits the left rail and period I can start. 
Thus, the wheel base cannot turn until a definite point in the 
cycle of the body’s oscillation is reached. Therefore, the rolling 
of the body on its springs acts as an escapement, controlling the 
frequency of the oscillation of the wheel base, and in the expres- 
sion a = A coswt, w is 2x times the natural frequency of body 
roll. 

The mass of the body will tend, on the average, to rotate about 
its center of gravity. During I and IV the friction forces will 
tend to throw the center of rotation toward the rear, and during 
IIT and VI toward the front, but during the whole cycle the net 
effect will be that of the center of rotation in the middle of the 
wheel base. If y is called the lateral displacement of the center 


of the wheel base, then the assumption can be made that y = Va. 
This assumption is based on the idea that the lateral translation, 
y, is produced by forward motion, V at a small angle a. Va is 
probably not the correct value for y, but it represents an upper 
limit and gives the lowest possible value for critical speed. 


t 
If y = Vay = f VA cos wt = (VA/w) sin wt 
0 


Since y is the purely translatory motion of the point under the 
center of gravity of the body, it is y which excites the rolling 
oscillation of the body. When a damped system is 


ha forced to oscillate at its natural frequency, the 
vibration lags the disturbing force by 90 deg. 
Therefore, d = — dmax cos wt, and the relative 

hy positions shown in Fig. 4 are correct. 
The question of whether or not the oscillation 
py can sustain itself is dependent upon the relation 


between energy input and energy loss. Fig. 5 
shows the vector relationships between the vari- 
ous motions and forces which have been consid- 
YKd ered. The sum of all the rail forces, Y2, 
Fia. 5 and G, is equal and opposite to Kd. Therefore, 
the rail forces are in phase with 7, the velocity 
of lateral translation, and they constitute the input force. 
The energy input per cycle of a periodic force in phase with a 
velocity is equal to x times maximum force times amplitude.* 
Therefore 


input per cycle = wrKdmaxVA/w......... [5] 


If, during any part of the oscillation, Kd > 4yQ then during 
such time the motion y is not taking place and there is an interim 
during which there is no input. Therefore, 4uQ can be substi- 
tuted for Kdmax in calculating the true input, provided Kdmax > 
4uQ, and 


input per cycle = 44uQVA/w.......... 


The losses at the rail which drain energy from the oscillation 
consist of frictional losses due to sliding at the wheel treads. 
This sliding is due to (1) the angular oscillation about the center 
of the wheel base and (2) the lateral slippage of the whole wheel 
base when Kd > 4uQ. Considering (1) first, the force at each 
wheel is »Q and the distance through which it acts is BA/2 
during each quarter cycle. Therefore 


loss per cycle = 4(BA/2) 4uQ = SBAuQ 


The loss due to lateral slippage may be calculated by the curves 
of Appendix 1. In using these curves it must be remembered 
that the amount of slipping may be limited by the flange clear- 
ances. 

Let us now study what happens for various amplitudes of roll, 
that is, various values of Kdmax. 

If Kdasx = 4uQ 


input per cycle = [6] 
loss per cycle = SBAypQ................. [7] 

For stability, SBAuQ > 4ruQV A/a, or 


If Kdmax < 4uQ, the loss is the same as for Kdmax = 4uQ, but 
the input is smaller. Therefore, the critical speed is higher. 
If Kdmax > 4uQ, the input is the same as for Kdmax = 4uQ, 


8 ‘Mechanical Vibrations,” by J. P. Den Hartog, McGraw Hill 
Book Co., New York, 1934, p. 19. 
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but the loss is increased by the lateral slipping of the whole wheel 
base. Therefore, the critical speed is again higher. 

This whole phenomenon may be illustrated by a curve such 
as that shown in Fig. 6, which was calculated for an actual loco- 
motive. The curve ABC represents the critical speed for various 
initial amplitudes of roll. If the initial conditions for this loco- 
motive are represented by either L; or Le, the oscillation will die 
out. If they are represented by either L; or Ly, the conditions 
will change until the steady condition Ls is reached, at which the 
input is equal to the loss. 
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Fic. 6 AMPLITUDE oF RoLL oF AN ATLANTIC-TyrPe LOCOMOTIVE 


The most important critical speed is, of course, the lowest one, 
given in Equation [8]. Note that exactly the same conclusions 
regarding the effect of wheel base and natural frequency on criti- 
cal speed can be drawn from Equation [8] as have already been 
drawn from Equations [3a] and [3b], which give the critical speed 
for the rigid vehicle with flanges on only the leading pair of wheels. 

These same methods as were used can be applied to the case of 
a vehicle with more than two axles in a rigid wheel base. It is 
not necessary to follow the whole line of reasoning here. In 
Equation [9], the additional friction loss due to longitudinal 
sliding of the wheels is considered. ‘The center of rotation should 
be taken at the center of the wheel base. Any other assumption 
would increase the friction loss and result in a higher critical 
speed. 

If f = the natural frequency of the roll of the body, n = the 
number of axles in the rigid wheel base, 7; = the longitudinal dis- 
tance from the center of rotation to an axle, s = the track gage, 
and the subscript 7 refers to the i-th axle in the wheel base, then 


Ve = 


(6/2)*].......... (9] 


Values of ./[x?; + (s/2)*] for various values of x; are given in 
Table 1, Appendix 2. 

In applying Equation [9] to a nonsymmetrical wheel base, the 
question of where to take the center of rotation arises. The 
safest assumption to make would be the one which gave the low- 
est value to 2+/[z% + (s/2)?]. As far as the oscillations discussed 
in this paper are concerned, there seems to be no inherent ad- 
vantage or disadvantage in the use of a nonsymmetrical as com- 
pared to a symmetrical axle arrangement. 

The symbol f is defined as the natural frequency of the roll 
of the body. This is approximately the correct frequency to use 
for most simple vehicles of the rigid-frame type and can be calcu- 
lated according to the equation 


= — 2Wh)/27,].......... 
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where K, = the spring scale for one side of the vehicle, neglect- 
ing cross-equalized springs, W = the sprung weight of the ve- 
hicle, 7, = the polar moment of inertia of the sprung weight 
about a longitudinal axis through the axle centers, h = the height 
of center of gravity of sprung mass above axle centers, and b = 
the lateral distance between springs. 

Measurements have shown that the actual frequency at 
which the oscillation occurs is affected to a certain extent by the 
natural frequency of the locomotive in the track. The theoreti- 
cal evaluation of this factor would require 4 much more detailed 
analysis than has been developed here; one which would take 
account of all possible degrees of freedom. It is highly advis- 
able to use experimental data wherever possible in choosing a 
value of f for use in Equation [9]. 

Equation [9] was developed primarily for use on vehicles of 
the type of the rigid-frame locomotive. There is no reason why 
the same theory would not apply, however, to any individual 
rigid wheel base in a more complicated system, such as an articu- 
lated locomotive or a vehicle with swivel trucks. The only dif- 
ference would be in the determination of the natural frequency 
which controls the oscillation. The authors’ casual observations 
on street-railway cars with swivel trucks have led to the conclu- 
sion that the oscillations of the body are almost entirely angular 
about a vertical axis. Thus, the natural frequency would be 
determined not by the roll, but by the polar moment of inertia 
of the body about a vertical axis and the lateral restraint at the 
truck center pins. 

If harmonic motion is assumed at all points of the vehicle, the 
center of rotation at a fixed point on the center line of the wheel 
base, and a known maximum lateral am- XA 
plitude for a wheel, it is possible to solve 
the kinematics of the problem completely. 
This is done most easily by vector represen- 
tation. 

Let 25 = the maximum possible full 
amplitude for a wheel (flange clearance 
plus rail deflection); A = the maximum 
value of a during a cycle; 6; = the phase 
angle of i-th axle referred to center of ro- 
tation; and the other symbols the same as 
given previously. 

Fig. 7 shows the vector diagram for a 
two-axle wheel base with the center of rota- 


IST AXLE 
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tion in the middle. The value of ymax has nok 
already been determined. It is 
{11} 
The total amplitude of the i-th axle is seen to be 
Also, if the leading axle has the full amplitude 28, 
and hence 
However 
Substituting Equation [15] in Equation [14], we obtain 


A = + [16] 
It is also of interest to know the expressions for energy input 
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and energy loss in terms of the known constants of the vehicle. 
These are found to be: 


Input per cycle = wkdmaxV6/\ + V*)...... [17] 
or, at the critical speed, when Kdinax = 2nuQ 


input per cycle = + V*).... [18] 
and due to rotation the 
Q 1=1 
los: ‘cle = 24 (9/2)2].. [19 
oss per cycle + V5) fos + (s/2)?}. . [19] 


3—DESIGN REQUIREMENTS FOR A HIGH-SPEED LOCO- 
MOTIVE 


The basic design requirement for a high-speed locomotive is 
that its critical speed be considerably above the highest speed at 
which the locomotive is expected to operate. The critical speed 
as given by Equation [9] is in error on the side of safety in that 
it assumes y = Va and does not consider the energy loss from the 
friction in the equalization springs and at other rubbing surfaces 
that tend to damp the oscillation. The experience of the authors 
has been that the factor of safety introduced by these simplifying 
assumptions is sufficient for good practice, so that a locomotive 
can operate safely up to its calculated critical speed. The design 
features that influence steady performance at high speed are in- 
dicated in Equation [9], which is the equation for critical speed. 
For a given track gage s and a given number of axles n in the rigid 
wheel base, it is observed from Equation [9] that the inherent 
critical speed is a function of (1) the frequency of roll, and (2) the 
length of the rigid wheel base. A high frequency of roll and a 
long rigid wheel base produce a high critical speed. The critical 
speed of a locomotive may be raised or lowered to the extent 
that the designer can vary (1) the frequency of roll, and (2) the 
length of the rigid wheel base, these two factors being the ones 
which dominate the critical speed. 


EQUALIZATION SYSTEM 


The equalization system is an important design feature as re- 
gards critical speed because of its influence on the frequency of 
roll. The equalization system influences the frequency of roll 
by (1) the scale of the spring, (2) the lateral distance between 
spring supports, and (3) the ratio between cross-equalization and 
side-equalization. The relative influence of these three factors 
on frequency is indicated by Equation [10] for natural frequency 
of roll. Other things remaining constant, the critical speed is 
raised by (1) increasing the stiffness of the springs, (2) by increas- 
ing the lateral distance between spring supports, and (3) by in- 
creasing the amount of side-equalization. 

Stiff springs are desirable from a consideration of critical speed 
but are undesirable from a consideration of resulting forces on 
vehicle and track. Springs are employed in the equalization 
system in order to shield both the sprung weight and the track 
from forces in excess of those existing under static conditions. 
From the consideration of reducing forces on sprung weight and 
track, the softer the supporting springs the more effective they 
become. To stiffen the springs defeats the purpose for which 
they are used. The fact is that the designer can vary the stiff- 
ness of the equalization springs only within rather well-defined 
limits. To stiffen them defeats their purpose, to soften them be- 
yond a certain limit introduces complications on account of the 
large vertical movement in the pedestal guides. It would seem, 
then, that the logical procedure to follow is to employ springs as 
soft as can be used from practical considerations without too 
great a sacrifice of frequency. From Equation [10], it is observed 
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that the frequency of roll varies directly as the square root of 
spring stiffness. Because of this relationship between frequency 
and spring stiffness, it is possible to soften the springs of a loco- 
motive considerably without producing more than a minor change 
in frequency. 

The type of spring employed in the equalization system, that 
is, whether leaf-type or coil-type, is as important as the spring 
scale. Considerable frictional damping is introduced by leaf 
springs which is absent when coil springs are used. A satis- 
factory arrangement results from a combination of low-frequency 
leaf springs in series with high-frequency coil springs. In this 
arrangement the low-frequency leaf springs practically determine 
the period of roll and provide frictional damping while the high- 
frequency coil springs are placed directly over the journal boxes 
and absorb the high-frequency shocks from the road bed. 

The lateral distance between supporting springs is fixed by the 
location of journal boxes. For a given angularity of roll, the 
greater the lateral distance between springs, the greater will be 
the variation in vertical load under the drivers, but as regards 
critical speed, the greater the lateral distance between springs, 
the higher will be the frequency of roll and the higher the critical 
speed. Other things remaining constant, outside journal boxes 
will produce a higher critical speed than will inside boxes. For 
steam locomotives, however, outside boxes are possible only 
with inside cranks, and in this country inside cranks are unknown 
except for three-cylinder locomotives. In Europe, inside cranks 
for steam locomotives are common. For electric locomotives, 
both in this country and elsewhere, outside boxes predominate. 

With respect to the ratio between the amounts of cross-equali- 
zation and side-equalization, it is probable that the need for 
cross-equalization has been somewhat overemphasized in the 
past. The object of cross-equalization is to prevent a wide dif- 
ference in the vertical loads under the two wheels of a given axle. 
But field tests have shown that cross-equalization of itself is un- 
able to achieve this objective. Field tests indicate that for a 
locomotive with the customary amount of cross-equalization the 
vertical loads under the two wheels on the same axle vary the 
greatest under the condition of nosing. The prevention of nos- 
ing, then, should accomplish more toward equalizing vertical 
loads than does cross-equalization, and nosing is prevented not by 
cross-equalization but by side-equalization which, by influencing 
the frequency of roll, raises the critical speed. 

From the standpoint, then, of critical speed and rail loads, the 
equalization system (1) should employ relatively soft leaf springs 
in series with stiff coil springs directly over the boxes, (2) the 
lateral distance between springs should be made large by plac- 
ing the journal boxes outside the drivers if possible, and (3) the 
amount of side-equalization should be a maximum, and, if cross- 
equalization is insisted upon, restrict its amount to 25 per cent 
or less of the sprung weight. 


WEIGHT or Sprinc-BornE Parts 


To determine the influence on critical speed, the absolute 
weight of the spring-borne parts must be considered in conjunc- 
tion with the height of the center of gravity above the axle and 
the stiffness of the equalization springs. The weight of the 
spring-borne parts influences critical speed by influencing the 
frequency of roll. However, for a given center of gravity, the 
weight of the spring-borne parts may be varied at will without 
changing the critical speed provided the stiffness of the equaliza- 
tion springs is also varied. The spring-borne parts may thus 
be said to exert a neutral influence so far as critical speed is con- 
cerned. Furthermore, the weight of spring-borne parts is one 
of the design features that can be varied only within rather nar- 
row limits when once the general characteristics of the locomotive 
have been determined. Hence, it becomes apparent that a varia- 
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tion of the sprung weight may as well be left out of consideration 
in the search for means of raising the critical speed. 


LocaTION OF CENTER OF GRAVITY OF SprRING-BoRNE Parts 


The location of the center of gravity of the sprung mass is a 
most important factor in determining the critical speed, but like 
the absolute weight of the sprung mass, it is a design feature 
which can be varied only within exceedingly small limits for a 
locomotive with prescribed characteristics. Any consideration 
of the location of the center of gravity of the sprung mass is thus 
nonessential in the search for means for raising the critical speed. 
The higher the center of gravity of the spring-borne parts, the 
lower becomes the frequency of roll and the lower the critical 
speed. But, what can be done about it? 
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The center of gravity of the sprung parts of an electric loco- 
motive is usually somewhat lower than that for a steam locomo- 
tive. This lower center of gravity for the electric locomotive is 
frequently considered a disadvantage, but an analysis of the 
influence of the center of gravity on locomotive performance does 
not justify this belief. To determine the tendency from raising 
or lowering the center of gravity, let us assume extreme condi- 
tions. Assume first that the center of gravity is very high above 
the rail. For this condition the frequency of roll would be very 
low with a corresponding low critical speed, also a very small 
amount of roll would throw all of the weight on one rail and bring 
the center of gravity outside the gage, thus causing the locomotive 
to tip over. Now, assume that the center of gravity is on line 
with the center line of the axle. For this condition a lateral force 
would produce an unbalance of vertical loads at the rail, but this 
motion of the sprung mass would be purely rotational with no 
roll at all at the center of gravity. Hence, there would be no 
lateral translation of the center of gravity and, therefore, for 
this condition, lateral oscillations would be impossible because 
lateral translation of the sprung mass is absolutely necessary 
if the lateral oscillations are to be sustained. Finally, assume 
that the center of gravity is on line with the rail. For this con- 
dition, there is lateral rolling and lateral oscillations are possible 
but lateral forces now produce no change in the vertical wheel 
loads at the rail. Thus, the center of gravity of the sprung mass, 
from a consideration of lateral oscillations, should be located on 
the center line of the axle, but from a consideration of the unbal- 
ance of vertical loads at the rail, the center of gravity should be 
on line with the rail; that is, it should be in the plane in which the 
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lateral force reacts on the locomotive. The conclusion is reached 
then that lateral oscillations would be impossible and there would 
be no unbalance in rail loads from lateral forces if the center of 
gravity of the sprung mass and the reaction on the locomotive 
from lateral forces both occurred at the center line of the axle. 

For the conventional locomotive, the location of the center of 
gravity of the sprung mass is practically beyond the control of 
the designer. However, if possible to do so, move the center of 
gravity downward, not upward. Lowering the center of grav- 
ity raises the critical speed and decreases the amount of vertical- 
load unbalance at the rail. The lower center of gravity of the 
electric locomotive, as compared to the steam locomotive, is a 
distinct advantage. 


WHEEL BasE 


The length of the rigid wheel base is the most important design 
feature influencing critical speed. It has been stated by various 
writers in the past that a high-speed locomotive should have a 
long rigid wheel base, but the reason for this requirement has 
hitherto been unknown. This reason is revealed by an inspection 
of Equations [18] and [19] which are the equations for energy 
input and frictional losses during oscillations. These equations 
show that lengthening the rigid wheel base decreases the avail- 
able energy input for sustaining oscillations and at the same time 
increases the frictional losses for damping them out. Hence, a 
long rigid wheel base becomes the principal requisite for every 
high-speed locomotive. The effect of increasing the length of 
the rigid wheel base is illustrated in Fig. 8. 


Guipine Trucks 


With the exception of the permanently rigid wheel base, the 
guiding trucks become the most important design feature deter- 
mining critical speed. The guiding trucks determine critical 
speed because of their influence on the length of the rigid wheel 
base. The importance of guiding-truck design is best illustrated 
by considering two extreme values for the force necessary to pro- 
duced initial lateral displacement of the truck, commonly known 
as truck crack-off. 

Assume, first, that the crack-off is 10 per cent of the bolster 
load. For a truck with the usual amount of weight below the 
center pin, this would represent a lateral force at the rail of about 
8.75 per cent of the vertical rail load. For truck wheels, with 
no tractive effort, the coefficient of friction against lateral slippage 
at the rail is considerably greater than 8.75 per cent for all normal 
operating conditions. This means it is possible to swing the 
truck bolster laterally without sliding the truck wheels. If the 
locomotive starts to oscillate laterally, the truck bolster will swing 
laterally within the truck frame without offering any damping 
force against the oscillations unless the guiding characteristic 
is so steep that the rail coefficient of friction against lateral slip- 
page is exceeded during part of the oscillation cycle. The reason 
the lateral swing of the bolster offers no damping resistance is 
because the energy loss of the sprung weight in overcoming the 
truck resistance from central position to the extreme swing is 
immediately restored on the return swing so that the net effect 
is zero. 

Assume now that the truck crack-off is 40 per cent of the bolster 
load. This represents a lateral force at the rail of about 35/2 
per cent of the vertical rail load. A lateral force of this magni- 
tude at the rail should be capable of sliding the truck wheels 
laterally across the head of the rail against the highest coefficient 
of friction that might be expected with the locomotive at speed. 
Experiments indicate that the coefficient of friction against the 
lateral sliding of a wheel in motion decreases with speed. Hence, a 
lateral force at the rail equal to 35'/: per cent of the vertical rail 
load should cause the wheels to slide laterally even at quite a 
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low speed. If the locomotive oscillates laterally, the truck wheels 
are slipped laterally across the rail head thus introducing an enor- 
mous damping force. So far as lateral oscillations are concerned, 
it is thus seen that a guiding truck with a crack-off high enough to 
slide the truck wheels laterally across the rail has the effect of 
lengthening the rigid wheel base to the truck center pin. 

It is customary to design electric locomotives for two-way 
operation. Practically, though not necessarily, the specification 
for two-way operation demands a symmetrical-type locomotive. 
It is usual, then, for electric locomotives to have identical guiding 
trucks at both ends. From the standpoint of providing a turn- 
ing moment on curves, this arrangement is more effective than 
might appear at first sight. The location of the center of rota- 
tion of a locomotive rigid wheel base is always such as to make 
the lever arm of the leading truck, with respect to the driver 
against the inner rail, longer than the corresponding lever arm of 
the trailing truck. This difference in lever arms produces a net. 
guiding moment even for the condition in which both guiding 
trucks have the same amount of guiding, which is the case for 
trucks of the constant-resistance type. Therefore, it is evident. 
that for electric locomotives it is possible to extend the rigid 
wheel base from truck center pin to truck center pin by employ- 
ing trucks at both ends with a crack-off, with respect to the rail, 
greater than the lateral coefficient of friction without sacrificing 
adequate guiding for curves. If this initial crack-off resistance 
is too high for operation on sharp curves it is possible to give the 
truck restraint a drooping characteristic. 

It is thus seen that a high-restraint truck possesses very great 
value as a means of extending the rigid wheel base, but this 
advantage of high restraint has been shown by experience to be 
virtually lost if the truck is free to swivel about its center pin, 
as is usually the case with four-wheel engine trucks. When free 
to swivel, the truck itself goes through an oscillation similar 
to that of the main wheel base and consequently runs back 
and forth through the track clearance without much sliding 
friction. This freedom of a four-wheel truck to run back and 
forth without sliding can be prevented by the application of an 
antiswiveling device such as a radius bar. To limit the flange 
pressures on extremely sharp curves and turnouts, the restraint 
of the radius bar on a four-wheel truck should be limited so that 
it becomes possible for the truck to swivel when its swiveling 
torque reaches some selected value. 

In Equation [9] it is assumed that all axles have the same load- 
ing. If this is not the case, then the term y/ [z,;? + (s/2)*] for 
each axle must be given a weighting factor equal to the ratio be- 
tween its actual load and the average load for all the axles being 
considered, and the symbol n instead of representing the actual 
number of axles represents the sum of the weighting factors. 
Letting k represent the weighting factor, Equation [9] may be 
written 


ki V + (8/2)?] + kev + (8/2)?] + . 


Since the expression \ |xz,;2 + (s/2)?] increases in value with the 
increase in distance from the center of rotation, it follows that the 
heavier the axles at the ends of the locomotive, the higher becomes 
the critical speed. Since the end axles on a locomotive are usually 
truck axles, this means that the trucks should carry as much of 
the total load as is possible, considering wheel-load limitations and 
the weight requirements of the drivers for adhesion. The in- 
fluence of changing the ratio between driver load and truck load 
is illustrated by curves A and B of Fig. 9. Another method for 
increasing the equivalent rigid wheel base of a locomotive is to 
give unrestrained lateral play to the intermediate axles of a rigid 
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wheel base.’ Unrestrained lateral play eliminates both the input 
and the loss from these axles. Since the input from an axle is 
fixed regardless of its position in the wheel base, and its loss is 
proportional to its distance from the center of rotation, this ar- 
rangement produces a considerable increase in the critical speed. 
The magnitude of the increase in critical speed, for a particular 
locomotive, by the use of unrestrained lateral is illustrated by a 
comparison between curves A and B of Fig. 9. In this figure, 
curve B represents the critical speed for a locomotive having the 
wheel arrangement as shown and for the condition of no free 
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lateral, while curve A represents the critical speed for the condi- 
tion of unrestrained lateral in driving axles No. 2 and No. 3. 


Rart Loap 


The absolute value of the rail load is not a factor in determining 
critical speed. The axle loading influences critical speed only 
to the extent that the weight of the sprung mass influences the 
frequency of roll. 


Gyroscopic ACTION 


The revolving wheels and axles of a locomotive give rise to 
gyroscopic forces whenever their axes are subjected to angular 
rotation. On an electric locomotive, the motor armatures con- 
stitute additional rotating masses to those of the wheels and axles. 

A rotating mass which is part of the deadweight does not have 
any gyroscopic effect whatever on the oscillations described in 
this report. The rotation of the wheel base @ may cause a 
shifting of load from one side to the other, but there can be no 
rolling oscillation of the deadweight, so the shifting of load does 
not result in an oscillation. 

Spring-borne motors in an electric locomotive, however, can af- 
fect the oscillation because the rotation a of the wheel base causes 
the motors to exert gyroscopic forces which aid the rolling of the 
cab. Calculations show the magnitude of this effect to be small. 


® Suggested to the authors by B. S. Cain. 
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Fig. 10 Mopet ror ILLustraTING LATERAL OSCILLATIONS 


Rai AND TirE ContTouR 


There has been discussion in the past concerning the effect 
of conical wheel treads on locomotive and car performance. In 
this paper, the coning of the wheel tread is not considered and the 
wheel is treated as having a tread that is a true cylinder. No 
matter what the contour may be on leaving the shop, under ser- 
vice conditions, the tread surface quickly conforms to the con- 
tour of the rail head. 


Track CLEARANCE 


It is very important to keep the track clearance as small as 
possible.. Although this quantity does not appear directly in the 
formula for critical speed, it does appear in the expressions for 


energy input and energy loss, both of which are directly propor- 
tional to track clearance 6. Therefore, at speeds above the criti- 
cal, the larger the clearance the larger the amount of energy 
available to sustain and increase the oscillation. Thus, when the 
clearance is large there is less possibility of the spring friction 
being sufficient to control the oscillation. 

Probably the most serious result of large track clearance is 
not shown by the equations, that is, its effect on the magnitude 
of the rail forces. The amplitude of the leading axle is equal to 
the track clearance. In any oscillation, velocity and accelera- 
tion increase proportionately to amplitude, and therefore the 
flange pressure increases in proportion to the track clearance, 
since it is the flange pressure that produces the lateral accelera- 
tion. 

Therefore the smaller the track clearance the less the possi- 
bility of sustained oscillations and the less the damage they can 
do to the track if they do start. For the condition of zero track 
clearance, oscillations of the type discussed in this paper become 
impossible. 

COEFFICIENT OF FRICTION 


The effect of a low coefficient of friction is twofold. First, it 
lowers both the input and the loss energies and thus decreases 
the energy available to sustain oscillations. At the same time, 
however, it decreases the disturbance necessary to start sustained 
oscillation and thus makes the vehicle less stable. A low coef- 
ficient of friction against lateral slippage may be produced by 
wet rails or high tractive effort.1° A very high coefficient of fric- 
tion may be found in rubber-tired rail vehicles, which have re- 
cently been tried out. 

10“Guiding and Running of Locomotive Wheels on Track,” by 


J. Buchli, Schweizerische Bauzeitung, vol. 82, no. 10. September, 
1923, pp. 119-125. 


4—MODEL TESTS 


In order to bring experimental evidence to bear upon the con- 
clusions drawn from the theory without going at once to the ex- 
pense of making tests on actual locomotives, a small model was 
constructed. 

The critical speed of a model rail vehicle, according to Equa- 
tion [9], is proportional to the natural frequency of roll of the 
sprung weight and the linear dimensions of the model. There- 
fore, if the natural frequency were made the same as that of a 
full-scale locomotive, the critical speed would be reduced in the 
same ratio as the scale of the model, and oscillations would occur 
at easily obtainable speeds. 

An illustration of the model used is shown in Fig. 10. The 
first trials showed that it was not practical to run the model on 
atrack. The track could not easily be made smooth enough nor 
the straight stretches long enough. Also, the forward motion 
of the model along the track made it difficult to study the lateral 
oscillations in detail. It was found that a much better arrange- 
ment was obtained by mounting the model on rollers. The model 
was restrained from longitudinal motion by a wire similar to a 
drawbar. 

The model contained al! the parts which, according to the 
theory, were necessary for the existence of lateral oscillations. 
It had two axles, both driven through gears by a single motor, 
and both mounted in the same rigid frame. It had a sprung 
weight supported from the frame by four helical springs, one at 
each corner. The center of roll of the sprung weight was made 
to coincide with the height of the axles by means of a pin and 
clevis arrangement at each end. The model had a wheel gage 
of 1'/, in., a wheel base of 25/1. in., a total length of 9 in., an un- 
sprung weight of 2.6 lb, a sprung weight of 9.5 lb, a natural period 
of roll of 0.6 sec, and a critical speed of 1.9 fps. 

The wheels had flanges and cylindrical treads. The rollers con- 
sisted of two cylinders, one under each axle. Each cylinder had 
two beads spaced 1!/, in. center to center for the wheel treads to 
run on and the flanges to bear against. These beads represented 
the rails. In order to equalize the weight on the four wheels, 
one roller was mounted on trunions. 

The speed of rotation of the wheels, which represented the for- 
ward velocity of the model, could be varied by changing the volt- 
age supplied to the motor. By the use of a rheostat any speed 
up to about 7 fps could be obtained. 


OBSERVED OSCILLATIONS 
At speeds above 3 fps a rolling oscillation started by hand be- 
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came self-sustaining and was accompanied by lateral oscillations 
of the running gear at the same frequency. At speeds below 3 
fps the oscillation would die out. It died out quickly at very 
low speeds but more and more gradually as the speed was in- 
creased. Therefore, 3 fps was the actual critical speed. This 
was higher than the calculated value of 1.9 fps, but this dis- 
crepancy was to be expected due to the various frictional losses 
in the mechanism not considered in the theory. 

It was observed that the oscillation of the model was of the 
same nature as that predicted by the theory, but no exact com- 
parison could be made by mere visual observatioh. In order to 
study the motion quantitatively and in detail, a motion-picture 
camera was used. 

There were four points where the motion had to be measured. 
They were at the front and the 
back of the sprung and the un- 
sprung weights. The camera was 
placed so as to look directly down 
on the model. The four points in 
which the authors were interested 
were brought into the same focal 
plane by bringing up extensions 
from each end of the unsprung 
frame to the level of the top of the 
sprung weight. Spots of white 
paint located the four points to be 
observed. Pictures were taken at 
the rate of about 30 per second, 
which gave a sufficient number of 
readings during the 0.6 second 
period of the oscillation to enable 
the authors to plot the curves of the 
motion. The time scale was de- 
termined by placing a stop watch 
in the picture alongside the model. 
Fig. 11 shows a portion of a strip of 
pictures from which readings were 
taken. 

The motions observed were (a) 
lateral motion of the front of the 
unsprung weight, (6) lateral motion 
ot the rear of the unsprung weight, 
(c) lateral motion of the front of the 
sprung weight at the top of the 
model, and (d) lateral motion of the 
rear of the sprung weight at the 
top of the model. By means of 
these directly measured values, it 
was possible to derive (e) lateral 
motion of the top of the model due 
to roll by subtracting (a) from (c) 
or (b) from (d); (f) angularity of 
the wheel base a by subtracting (6) 
from (a) and dividing the result by 
the length of the model; (g) lateral 
motion of the center of rotation, 
which was approximately '/2[(a) 
+ (b)}. 

The primary motions are (a), (6), 
(e), (f), and (g). These five motions 
are plotted for one representative 
cycle in Fig. 12. It is interesting to 
note how well the experimental re- 
sults check with the theory. The 
theoretical values of motions (a), 
(b), (f), and (g) are shown in Fig. 12 
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along with the experimental results. Motion (e), the roll, was 
not correctly represented by the model as far as its amplitude 
was concerned because the theoretical value greatly exceeded 
the solid position of the springs. The other motions, however, 
show a remarkably good check between theory and experiment. 
Note that the lateral slippage of the wheel base occurring at 
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the instant of maximum roll shows up quite plainly in the ex- 
perimental curves. This slippage was not considered in calculat- 
ing the theoretical curves. 

Other tests on the model showed that the critical speed was 
proportional to the frequency of the oscillation, as predicted by 
the theory. 


5—CONCLUSIONS 


In this paper the authors have offered a mathematical theory 
which explains the self-sustained lateral oscillations of rail ve- 
hicles. The formulas derived from this mathematical analysis 
check with all available experimental data. 

The conclusions to which the theory leads may be summarized 
as follows: 

1 For satisfactory operation at high speed, a rail vehicle 
should have a critical speed, as calculated from Equation [9], 
no lower than its highest operating speed. 

2 Recommended tendencies in design are: (a) as high a 
natural frequency of roll as is possible without sacrificing ade- 
quate vertical resiliency; (6) a long rigid wheel base; (c) 
high-resistance guiding trucks with limited swivel restraint. 
This applies to four-wheel trucks; two-wheel trucks are in- 
herently nonswiveling; (d) loads concentrated as much as 
feasible on the end axles; (e) unrestrained lateral motion in 
axles near the center of the wheel base. 

3 Recommended tendencies in track maintenance include: 
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(a) the elimination of irregularities. (6) The narrowing of the 
gage to decrease the clearance between flange and rail. 
There are three factors to be considered in determining whether 


Dcos 


™ +P 

Fie. 13 


Dcos (wtt 


) 
MOTIONS, X 


pcos (wt +) 
t 


MOTION, X 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


or not the performance of a vehicle will be satisfactory in a given 
service. These factors are (1) the inherent critical speed of the 
vehicle, (2) the maximum speed at which it will operate, and (3) 
the condition of the track. For the most satisfactory operation, 
the calculated critical speed should be well above the operating 
range, say 30 per cent above the maximum speed. The vehicle 
should then operate safely on ordinary track. For track that is 
better than ordinary, the ratio between critical and operating 
speed may be reduced. On perfect track, any vehicle can oper- 
ate at any speed. However, it is not safe to rely entirely on a 
good track condition to maintain satisfactory operation, since 
the best of track may develop an occasional rough spot. 

The design of railway vehicles becomes of increasing impor- 
tance with every increase in the speed of railway trains because 
the higher the train speed the greater becomes the effect on ve- 
hicle performance from track irregularities. However, in so far 
as self-sustained oscillations are concerned, it is believed that 
with proper vehicle design and with good track maintenance, it 
will be possible, with safety, to appreciably increase train speed 
above the general level now prevailing. 


Appendix 1 
LATERAL SLIDING OF WHEELS Due To ROLLING oF Bopy 


The amount of lateral sliding of the wheel base which can be 
produced by the rolling of the cab may be calculated if the prob- 
lem is simplified to that shown in Fig. 13. Here a mass m repre- 
senting the total mass of the vehicle, is resting on a surface which 
resists any horizontal motion of the mass with a force P. A re- 
ciprocating force D cos (wt + ¢), representing the inertia force 
of the body, is applied to the mass. What is the motion of the 
mass m for various values of the ratio D/P? 

Obviously, if D/P < 1 there is no motion at all. If D/P is 
slightly greater than unity there will be an intermittent motion 
with a pause during each half cycle. If D/P becomes quite 
large, the mass can be conceived as having a continuous recipro- 
eating motion with no pauses. 


| First consider the case where 


the motion is continuous, Fig. 14. 


| 
7 ! If x is the displacement of the 


mass m from its mean position, 


ze £ the equilibrium conditions for 


the mass during its motion in 


one direction can be expressed 


as 


m(d2x / dt?) P = Decos (wt+ ¢) 


or, d*z/dt? = P/m 


+ (D/m)cos (wt + ¢).. la] 


Integrating 


dx/dt = Ft/m + (D/mw) 


sin (wt + ¢) +C’...... [b] 


Integrating again 


xz = Ft?/2m — (D/mw?) 


cos (wt + + Ct +C".. 
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By using Equation [b] and condition [d], C’ may be solved for, | known values of the constants for which we have already solved. 
whence We obtain 
wto — sin + /(D*/P%) — 1 (cos wtp — 1) = 0....[m] 
By using Equati d liti CP solved for, 
y wing Equation [c] and condition (é}, C° may be solved fer Using the same procedure with Equation [c] instead of [b] we 
whence 
obtain 
C” = + (D/mw) cos ¢............ 
By using Equations and [f] and condition [e] we can Ly = D? 
obtain 2mw 4m 
P D? 
= Pxr/2D Cee ome COS wl) + — — sin wly — [n] 
2mw? P? 
By using Equations [ce], [f], [g], and [h] and condition [e] we 
may solve for z and obtain the final solution The procedure should now be to solve [m] for to, substitute the 
value obtained into Equation [n], and assume that all of our 
Pt e P 4D? unknown constants had been evaluated. Unfortunately, how- 
cos wl + Sin wt ever, Equation [m] cannot be solved explicitly for to, so the best 


analytical solution we can give is that 


Now consider the case where the motion is intermittent, Fig. = ba. (. 3 ) wt — 1 


15. During motion of the mass in one direction Equations [a], 2m wo VF ma 
[b], and [ec] still hold. However, the end conditions now, when D2 
t = 0, are + @— —Ilsinwl} + %........ 
= Y, dz/dt = 0, and d*r/dt? = 0.......... [7] 


where 2 is given by Equations [n] and [m]. 

and when t = to For any practical problem, however, the solution can be com- 
pleted graphically. This has been done for several values of the 
ratio D/P, and the results are shown in Fig. 16. This chart may 
be used to find the lateral sliding of the wheel base for any D/P 
ratio, and no use need be made of the equation given in this Ap- 


z = —2, and dz/dt = 0.............. [k] 


We find that our values of C’ and C” are the same as before 
and are given by Equations [f] and [g]. By using Equation [a] 


pendix. 
and condition [j] we find that It is of interest'to know the value of D/P at which the motion 
a (2) changes from intermittent to continuous. This may be found 
by putting wf) = in Equation [m]. Solving for D/P we find 
Now substitute condition [k] into Equation [b], using the D/P = (1/2) (x? + 4) = 1.87...... {h] 


Appendix 2 


Values of \ [x*; + (s/2)*] for use in applying Equation [9] 


V (8/2)? — + (8/2)? — zi V + (8/2)? — zi zi + (8/2)? — zi 
0 29.5 29.5 40 49.7 9.7 80 85.3 5.3 120 123.5 3.5 
1 29.5 28.5 41 50.5 9.5 81 86.2 5.2 121 124.5 3.5 
2 29.6 27.6 42 51.3 9.3 82 87.1 5.1 122 125.5 3.5 
3 29.7 26.7 43 52.2 9.2 83 88.1 5.1 123 126.5 3.5 
4 29.8 25.8 44 53.0 9.0 84 89.0 5.0 124 127.5 3.5 
5 29.9 24.9 45 53.8 8.8 85 90.0 5.0 125 128.4 3.4 
6 30.1 24.1 46 54.7 8.7 86 90.9 4.9 126 129.4 3.4 
7 30.3 23.3 47 55.5 8.5 87 91.9 4.9 127 130.4 3.4 
8 30.6 22.6 48 56.3 8.3 88 92.8 4.8 128 131.4 3.4 
9 30.8 21.8 49 57.2 8.2 89 93.7 4.7 129 132.3 3.3 
10 31.2 21.2 50 58.1 8.1 90 94.7 4.7 130 133.3 3.3 
ll 31.5 20.5 51 58.9 7.9 91 95.7 4.7 131 134.3 3.3 
12 31.9 19.9 52 59.8 7.8 92 96.6 4.6 132 135.3 3.3 
13 32.2 19.2 53 60.7 an8 93 97.6 4.6 133 136.2 3.2 
14 32.7 18.7 54 61.5 7.5 94 98.5 4.5 134 137.2 3.2 
15 33.1 18.1 55 62.4 5, 95 99.5 4.5 135 138.2 3.2 
16 33.6 17.6 56 63.3 7.3 96 100.4 4.4 136 139.1 3.1 
17 34.1 ee. 57 64.2 7.2 97 101.4 4.4 137 140.1 3.1 
18 34.6 16.6 58 65.1 Za5 98 102.3 4.3 138 141.1 3.1 
19 35.1 16.1 59 66.0 7.0 99 103.3 4.3 139 142.1 3.1 
20 35.6 15.6 60 66.9 6.9 100 104.3 4.3 140 143.1 3.1 
21 36.2 15.2 61 67.8 6.8 101 105.2 4.2 141 144.1 3.1 
22 36.8 14.8 62 68.7 6.7 102 106.1 4.1 142 145.0 3.0 
23 37.4 14.4 63 69.6 6.6 103 107.1 4.1 143 146.0 3.0 
24 38.0 14.0 64 70.5 6.5 104 108.1 4.1 144 147.0 3.0 
25 38.7 13.7 65 71.4 6.4 105 1 0 4.0 145 148.0 3.0 
26 39.3 13.3 66 72.3 6.3 106 110.0 4.0 146 149.0 3.0 
27 40.0 13.0 67 73.2 6.2 107 111.0 4.0 147 149.9 2.9 
28 40.7 12.7 68 74.1 6.1 108 112.0 4.0 148 150.9 2.9 
29 41.4 12.4 69 75.0 6.0 109 112.9 3.9 149 151.9 2.9 
30 42.0 12.0 70 76.0 6.0 110 113.9 3.9 150 152.9 2.9 
31 42.8 11.8 71 76.9 5.9 lll 114.9 3.9 151 153.9 2.9 
32 43.5 11.5 72 77.8 - 5.8 112 115.8 3.8 152 154.8 2.8 
33 44.3 11.3 73 78.7 5.7 113 116.8 3.8 153 155.8 2.8 
34 45.0 11.0 74 79.7 5.7 114 117.7 3.7 154 156.8 2.8 
35 45.8 10.8 75 80.6 5.6 115 118.6 3.6 155 157.8 2.8 
36 46.5 10.5 76 81.5 5.5 116 119.6 3.6 156 158.8 2.8 
37 47.3 10.¢ 7 2.5 5.5 117 120.5 3.5 157 159.7 2.7 
38 48.1 10.1 78 83.4 5.4 118 121.5 3.5 158 160.7 2.7 
39 48.9 9.9 79 84.3 5.3 119 122.5 3.5 159 161.7 2.7 
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(8/2)? V + (8/2)? 


+ (8/2)? + (8/2)? 
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-6 
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4 
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3 
3 
3 
3 
3 
-2 
2 
1 
1 
1 
1 
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1 
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V 2% + (8/2)? 


— 


V + (8/2)? V + (8/2)? 


317.4 


a 


ErFrect oF NONSINUSOIDAL LATERAL MoTION OF WHEEL Base 


The theory described in this paper assumes that all displace- 
ments, velocities, and accelerations vary harmonically. This 
assumption is reasonable for the motions of the sprung weight on 
its supporting springs, since the scales of the springs are linear 
and the predominating forces are spring forces and inertia forces. 
Also, accelerometer records taken in the cabs of oscillating loco- 
motives appear sinusoidal, which shows that the velocities and 
displacements must have been very close to following pure sine 
waves. The unsprung mass, however, has its lateral motion re- 
sisted partly by friction and partly by flange pressure, the latter 
coming into play only near the maximum displacement positions. 
Therefore, it cannot be assumed that the lateral motions of the 
unsprung mass will be harmonic. Let us determine the effect 
that nonharmonic motion wiil have on the theory. 

At the critical speed, the energy input per cycle is 


4uQVadt = 16uQV 


The energy loss per cycle is 


Equating input to loss and solving for V, we obtain 


Ver = BA/2 iT adt 
0 


The determination of the critical speed is thus dependent on 
the determination of an expression for a as a function of t. If, 


as a first approximation we take a = A cos wt, as done before, we 
obtain 


Ve = 2Bu/x 


Consider that a is some function other than A cos wt. The 
turning action on the vehicle comes from the flanges, which act 
during only a portion of each cycle. Therefore, the angularity 
may change rather quickly, remain constant, and then change 
back again. The angularity a plotted against the time ¢ Fig. 
17 will be a sine wave flattened at the peaks. The limit of such 
a tendency is the square wave form, Fig. 17, which could not ex- 
ist, but is a limit which could be approached. It represents the 
most unfavorable condition because it produces the largest pos- 
sible value of input. 

If the wave form of a were square, then a@ would be constant 
and equal to +A during each half cycle. Substituting A for a 
in Equation [c] of this Appendix, we obtain 


If the wave form of the variation of a were sharper at the peaks 
than a sine wave, then the input would be smaller and the critical 
speed would be higher. However, this is too favorable an as- 
sumption. If the tendency exists at all it comes as a result of 
the speed and flange pressure being too small to turn the loco- 
motive fast enough. High speeds and severe oscillations both 
tend to produce the square rather than the pointed wave form. 

As a result of the foregoing analysis we find that the critical- 
speed theory advanced in this paper no longer depends on the 
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assumption of sinusoidal motion. If the motion of the wheel 
base is not sinusoidal, the critical speed may be reduced by the 
factor +/4 or 0.785 as the limit. 


SINE WAVE 


Fic. 17 


Appendix 4 


NOMENCLATURE AND IMpoRTANT EQuatIONS 


the variable angle between the center line of the vehicle 
and the center line of the track 

the peak value of a during a cycle of the oscillation 

the wheel base of a vehicle 

the lateral distance between the springs supporting the 
sprung weight of a rail vehicle 

C’ and C” = constants of integration 

ce = track damping constant 

D = disturbing force (see Appendix 1) 

d = lateral displacement of the center of gravity of the 
sprung weight relative to the unsprung weight due to 
roll 

f = natural frequency of roll of a vehicle 

G = the lateral component of the friction force at the tread 

which opposes rotation of the wheel base 
height of the center of gravity of the sprung mass 
above the center line of the axle 

i the polar moment of inertia of the sprung weight 
about a longitudinal axis through the axle centers 

J = the polar moment of inertia of a vehicle about a vertical 

ax's through the center of gravity 

i = a general subscript designating the i-th axle of a wheel 

base 


ll 


A 
B 
b 


> 


~ 
ll 


K, = the spring scale for one side of a vehicle, neglecting 
cross-equalized springs 
K = the lateral spring scale of a vehicle 
k = axle load/average axle load 
M = the mass of the sprung weight of a vehicle 
uw = the coefficient of friction 
n = the number of axles in a wheel base 
@ = the phase angle between the lateral slippage of the wheel 


base and the rolling of the sprung weight (see Ap- 
pendix 1) 
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= the frictional resistance to the lateral slippage of the 
wheel base (see Appendix 1) 
static wheel load 
= track gage 
= half the maximum lateral amplitude of the wheel base 
allowed by the track and bearing clearances 
#; = phase angle of motion of i-th axle referred to phase of 
center of rotation 
= time 
V = the forward velocity of the vehicle 
w = 2m times the frequency of the oscillation 
W = the sprung weight of a vehicle 
x = lateral slippage of wheel base due to roll of body (see 
Appendix 1) 
zx; = the longitudinal distance between the i-th axle and the 
center of rotation 
x, = same for the first axle 
Y = the flange pressure on an axle 
y = lateral translation of a vehicle. 


ox & 
ll 


Natural frequency of roll 
f = [1/2e] V[(K,b? — 2Wh)/2I,]............ {10} 
Angularity of wheel base 
A = bw cos = + V?).. [14] and [16] 
Amplitude of lateral translation of wheel base 


Total amplitude of the i-th axle 


Input per cycle 
Loss per cycle 
i=1 
= + + (8/2)?]... [19] 
Critical speed 
i=1 
Ver = [8f/n] V + (8/2)9].......... [9] 


Critical speed for nonuniform axle load 
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Measurement of Steam Rate and Indicated 


Horsepower of Locomotives 


By ARTHUR WILLIAMS,' EAST CHICAGO, IND. 


It has been the customary procedure to determine the 
steam rate and indicated horsepower of locomotives and 
other reciprocating steam engines from indicator cards. 
This paper points out that particularly at high locomotive 
speeds, the obtainment of indicator cards is subject to 
gross errors, and that the expense of rigging up for such 
tests is hardly warranted by the results that can be ex- 
pected. The paper discusses in detail another method of 
determining the steam rate and indicated horsepower of 
a locomotive, which other writers have referred to as the 
“‘heat-drop method.’’ The paper proves both the sim- 
plicity of the method as well as its relative accuracy. The 
method is applicable to such locomotives only in which 
the exhaust steam is at least dry, and only in the absence 
of moisture, the Btu contents per pound of both admitted 
and exhausted steam can be accurately determined 
through pressure and temperature measurement. The 
paper contains detailed suggestions for successfully apply- 
ing the method on the locomotive. Thus it contains data 
on the construction and location of the thermocouples, 


HE overall efficiency of a locomotive may be divided into 

three parts: The engine or cylinder efficiency, the boiler- 

combustion efficiency, and the machine efficiency. A 
measure of the cylinder efficiency is the steam rate, or steam con- 
sumption per indicated horsepower-hour. In the past this has 
been determined by measuring the indicated horsepower, and 
the steam to the engines, and dividing the second by the first. 
It is somewhat difficult on a road test to determine these values 
accurately. The indicated horsepower can be calculated when 
the mean effective pressure in the cylinders and the speed are 
known. The mean effective pressure in the cylinders is found 
by means of an indicator. The accuracy of the indicator de- 
pends in the first place upon the accuracy of the reducing motion 
from the crosshead to the indicator drum, the pencil motion on 
the indicator, the spring, and the area of the piston. With 
careful workmanship and calibration these errors can be made 
fairly small. It is more difficult, particularly. at high speeds, to 
guard against errors due to the inertia of the moving parts and 
vibration of the apparatus. 

Having obtained the mean effective pressure it is necessary to 
know the speed in order to calculate the indicated horsepower. 
A speed indicator is again a source of error, and if speeds are 
obtained by taking the time between mileposts the speed at the 


1 Research Engineer, The Superheater Company. Mr. Williams 
was graduated from Queen's College, Taunton, England. He was 
with the Great Western Railway, England, for four years and for 
two years with the Franklin Railway Supply Company. He has 
been associated with The Superheater Company since 1928. 

Contributed by the Railroad Division for presentation at the An- 
nual Meeting of THe AmerICAN Society oF MECHANICAL ENGI- 
NEERS to be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


and the manner in which these thermocouples are applied 
and wired up to the instrument with which the pyro- 
electric force is determined. The results of the tests 
carried out with this method on two different locomotives, 
are presented in the paper and, in general, it is shown 
what advantages this simple method has for the test and 
analysis of all those design factors or devices which are 
liable to affect the steam rate of a locomotive. 

Toward the conclusion of the paper, reference is made 
to a suggestion by L. K. Botteron, which appeared in the 
Railway Mechanical Engineer of July, 1930, to the effect 
that the exhaust nozzle of a locomotive could be considered 
a flowmeter nozzle for the determination of the quantity 
of steam that the locomotive exhausts. The paper pro- 
ceeds to show how the specific volume and velocity of the 
steam, while passing through the mouth of the locomotive 
exhaust tip (which quantities are essential for the Botteron 
method), are derived from the exhaust-steam temperature 
and pressure measurements that are incidental to the 
carrying out of the heat-drop determination. 


time at which the indicator card is taken may be different from 
the average time between mileposts. 

The next step in the calculation of the steam rate is to measure 
the steam to the engines. This is usually done by measuring the 
water fed to the boiler from the tender tank and subtracting the 
steam to the auxiliaries, such as the air compressor, boiler feed 
pump, stoker, steam used for heating the train, or for other train 
services, and the steam wasted from the safety valve, injector 
overflow, and blower. Errors arise, of course, in the measure- 
ment or calculation of each of these quantities. 

Since the accurate measurement of the steam rate depends 
upon the accurate measurement of the mean effective pressure, 
speed, boiler evaporation, steam to auxiliaries, and steam wasted, 
it can readily be seen that the correct determination of the steam 
rate on a road test, using the test procedure outlined, is difficult. 
The suggestion has been made? that the steam rate be determined 
by means of the observation of the difference in heat content of 
the steam in the steam pipe and the exhaust. It is the purpose 
of this paper to show that, with reasonable precautions this can 
be done on most locomotives with good accuracy and far less 
trouble than by using the indicator. 


THEORY OF MEASUREMENT 


The first law of thermodynamics states that “heat and mechani- 
cal energy are interconvertible and can neither be created nor 
destroyed. For steady-flow conditions, such as are obtained 
with an engine, it follows that “For any prime mover operating 
under these conditions the energy delivered by this apparatus 
in any unit of time is equal to the difference of the heat contents 
at entrance and exit from the apparatus, for the entire amount of 


2 “Some Experimental Results From a Three-Cylinder Compound 
Locomotive,’’ by Lawford H. Fry, Proceedings, Institution of Me- 
chanical Engineers, 1927, vol. 2, pp. 923-1024. 

“A Thermodynamic Analysis of the Steady Flow of Fluids,” by 
C. H. Berry, Mechanical Engineering, vol. 51, 1929, p. 816. 
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working substance flowing in this unit of time, minus the radia- 
tion and conduction losses from the apparatus.’’* 

With superheated steam, if the temperature and pressure are 
known, the heat content can be obtained from steam tables. 
With saturated steam it is necessary to know the percentage of 
moisture. To measure the temperature of the exhaust steam 
from locomotive cylinders, when it is superheated, is simple. 
To measure the amount of moisture in the exhaust steam ac- 
curately, when it is saturated, is difficult, if not impossible. 
Accordingly, the method described in this paper is limited to those 
cases where there is superheat in the exhaust steam. Since most 
locomotives in main-line service have some superheat in their 
exhaust, this limitation is not very important. It is one, how- 
ever, that must always be borne in mind. 
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ERROR IN READING — DEG.FAK. OR LBS. PER .SQ.IN. 


Fie. 1 Errect oF Errors In READINGS ON CALCULATED STEAM 
RaTe 


Knowing the temperature and pressure of the admitted steam 
and of the exhaust steam, the two heat contents can be obtained 
from steam tables. The difference between the two gives the 
heat drop in Btu per pound of steam. This heat drop is equal to 
the work done in the cylinders per pound of steam, plus the heat 
lost through radiation. The radiation loss is relatively small 
and, if desired, can be allowed for. One horsepower-hour is 
equal to 2545 Btu. Dividing 2545 by the heat drop per pound of 
steam will give directly the pounds of steam per indicated horse- 
power hour. It makes no difference what processes are taking 
place in the cylinder, whether they are adiabatic, isothermal, or, 


3 “‘Heat-Power Engineering,”’ Part 1, Thermodynamics and Prime 
Movers, by W. N. Barnard, F. O. Ellenwood, and C. F. Hirshfeld, 
John Wiley & Sons, Inc., New York, 1926, p. 46. 
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as is actually the case, a turbulent process which does not follow 
any definite law. In the extreme case, where steam is leaking by 
the piston, with no work being done, the heat content would be 
the same in the steam pipe and in the exhaust, with due allow- 
ance for radiation. This case is the same as that of the well- 
known throttling calorimeter. 


OF Metuop For Locomotive TEsTs 


Since it is only necessary to measure the temperature and pres- 
sure in the steam pipe and in the exhaust of the locomotive 
cylinders, the test apparatus is relatively simple. It is possible 
for one man to ride in the cab of a locomotive and take all of the 
necessary readings. This may be contrasted with the test ap- 
paratus and test crew necessary for determining the steam rate 
using indicators. 

It is obvious that where a complete test by taking indicator 
cards would not be justified, a test using the heat-drop method 
can be run with a low expenditure, and the various design fea- 
tures which influence cylinder performance can be studied as 
often as desired. 

The following are the design features commonly in question: 


(1) Boiler pressure, since it controls the steam pressure in 
the steam pipe. 

(2) The throttle and dry pipe. The pressure drop through 
these affects the pressure in the steam pipe. 

(3) The steam temperature in the steam pipe and superheater 
design. 

(4) The size and design of the valves and cylinders. 

(5) The valve setting. 

(6) The exhaust nozzle, both size and shape. 


The necessary readings for obtaining the steam rate can be 
taken at frequent intervals, so that a complete picture is easily 
obtained of the locomotive performance, at various speeds and 
rates of working. Even when tests are being made on the com- 
bustion efficiency of, and heat transfer in, the boiler, it is desira- 
ble to measure the steam rate and cylinder efficiency, so that the 
results may be more closely analyzed. 


METHODS OF MEASUREMENT AND SOURCES OF ERROR 


The instruments used in measuring the temperature and 
pressure should be as accurate as possible and suitable for use in 
road tests on locomotives. In order to obtain a better under- 
standing of the relation between errors and accuracy, Fig. 1 has 
been prepared. In this figure the four curves show the effect 
of errors in measurement of the steam-pipe temperature, steam- 
pipe pressure, exhaust-steam temperature, and exhaust-steam 
pressure, on the steam rate. An error of 2 lb per sq in. in meas- 
uring the steam-pipe pressure will cause an error of 0.1 per cent 
in the calculated steam rate. An error of 1 lb per sq in. in the 
measurement of the exhaust pressure will cause an error of 0.14 
per cent in the steam rate. To measure the steam-pipe pressure 
to within 2 lb per sq in. and the exhaust pressure to within 1 lb 
per sq in. only calls for reasonably accurate test gages. It may 
be necessary to make a correction for the hydrostatic head, due 
to the water in the pipe connecting the pressure gage and the 
point where it is tapped into the steam pipe or exhaust pipe. 

The measurement of the steam pipe and exhaust-steam tem- 
peratures calls for more careful consideration. If they can be 
measured with a maximum error in each of 1 F, the resulting 
error in the steam rate will be 0.68 per cent. If they are meas- 
ured with a maximum error in each of 2 F, the error in the steam 
rate will be 1.35 per cent. Adding to these figures the errors due 
to the steam-pressure measurements gives a total error of 0.92 
per cent if the temperatures are measured to within 1 F and 1.59 
per cent if the steam temperatures are measured to within 2 F. 
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It is possible to use instruments suitable for road tests on locomo- 
tives that will give results which will average somewhere between 
these two figures. 

The apparatus described in this paper has been used by the 
author with good results. This statement is not meant to infer 
that this is the only apparatus suitable for measuring tempera- 
tures to within 1 or 2 F. Other means of temperature measure- 
ment will be mentioned later. 

The temperatures are measured with thermocouples con- 
structed as shown in Fig. 2. Wires used are iron and constantan, 
purchased in lengths. Samples of each length are calibrated, 
with reference to a thermometer which has been certificated by 
the Bureau of Standards. The wires are led through porcelain 
insulators to a steel plug welded in the end of a piece of !/,-in. 
pipe. The wires are brought through small holes drilled in 
the steel plug, bent over, and the ends then covered with silver 
solder. This gives a thermocouple which is tight against the 
steam pressure and will follow any change in steam temperature 
rapidly. The thermocouple is screwed into a socket, which, in 
turn, is screwed into the steam pipe. This gives a steam space 
surrounding the thermocouple all the way up to the thermocouple 
head, which serves to minimize any errors due to conduction 
along the thermocouple pipe. The steam-pipe thermocouple, 
illustrated in Fig. 2, is screwed into the steam pipe in any con- 
venient place. 

The exhaust-steam temperature is measured, not in the exhaust 
passage, but in the exhaust stand. It has been the common 
practice in the past to measure the exhaust-steam temperature 
in the exhaust passage close to the steam chest. This has been 
standard practice on the Pennsylvania Railroad in their tests, 
at Altoona, in their locomotive test plant. It is stated in sev- 
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eral of the railroad’s publications, that the exhaust-steam tem- 
perature measurements are believed to be higher than the true 
temperatures. The reason given is as follows: 


During admission of the steam into the cylinder, heat is transferred 
from the steam to the cylinder walls and head. As the steam ex- 
pands and becomes cooler this heat transfer stops and then reverses, 
so that during the exhaust stroke heat is being transferred from the 
cylinder to the exhaust steam. After release, when the pressure in 
the cylinder is higher than the average exhaust pressure, there oc- 
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curs a sudden rush of steam, which by reason of its high velocity 
does not have time to absorb very much heat from the cylinder walls. 
As the piston moves on the exhaust stroke the steam, which is now 
moving more slowly, is heated up by the cylinder walls, with a rise 
in temperature. 


The Pennsylvania Railroad states that it believes the sudden 
rush of relatively cool steam at release does not register properly 
on the thermometer in the exhaust passage and that this ther- 
mometer is influenced more by the slow-velocity high-temperature 
steam during the exhaust stroke. 

In measuring any fluctuating steam temperature it is desirable 
to provide for as much mixing of the steam as possible. Accord- 
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ingly, the exhaust-steam thermocouple is located in the exhaust 
stand so that the steam passes through a chamber of some volume 
and with several bends before the temperature is measured. 
Also a thermocouple applied in one side of the exhaust stand will 
measure the temperature of the exhaust from both ends of one 
side of the engine, and thermocouples applied in both sides of 
the exhaust stand will measure the exhaust-steam temperatures 
from all four ends of the locomotive cylinders. 

The accuracy of the assumption that better temperature meas- 
urements could be made in the exhaust stand than in the exhaust 
passage was tested on a locomotive in main-line service. On this 
particular test an observer was riding on the front of the loco- 
motive and simultaneous readings were taken of the exhaust- 
steam temperature with a thermometer in the exhaust passage 
close to the steam chest, and a thermocouple in the exhaust 
stand. The average of a number of readings showed the observed 
exhaust-passage temperature, as indicated by the thermometer, 
to be 345 F and the observed exhaust-stand temperature, as indi- 
cated by the thermocouple, to be 325 F. In other words, if the 
exhaust-stand temperature is taken as being accurate the tem- 
perature measured in the exhaust passage close to the steam chest 
was reading 20 deg high. This figure would vary no doubt with 
the class of engine and conditions of working, but it is evident 
that measurements taken of the exhaust-steam temperature in 
the exhaust passage close to the steam chest are subject to con- 
siderable error. 

The application of the thermocouple to the exhaust stand is 
shown in Fig. 3. The thermocouple is constructed in the same 
way as that shown in Fig. 2. A '/,-in. standard pipe is screwed 
in the exhaust stand and brought out through the smokebox 
front. The thermocouple is slid into this '/.-in. pipe, which pro- 
vides an insulating steam jacket and also permits easy removal. 

The thermocouple electromotive force is measured with a Leeds 
and Northrup potentiometer. The potentiometer is a well- 
known means of measuring temperatures in connection with 
thermocouples, and is suitable for locomotive testing. Because 
of severe vibration it is always possible to obtain a broken strand 
in one of the thermocouple wires, or a bad contact. With a di- 
rect-reading pyrometer this would throw the instrument off but 
with a potentiometer it would make no difference, as long as the 
wiring was good enough to provide a circuit. 
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With the galvanometer mounted in the potentiometer case as 
sent out by the makers, the vibration of the locomotive is suf- 
ficient to upset the galvanometer needle. In order to obviate 
this difficulty, the galvanometer is mounted on a board with a 
spring suspension as shown in Fig. 4. This board also serves 
for writing down the data and is held by the observer. The 
observer’s body will absorb most of the shocks and vibration 
of the locomotive, and with the spring mounting of the galvanome- 
ter no trouble will be found in taking readings. The potentiome- 
ter is mounted on a bracket and the galvanometer wired to 
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the potentiometer by means of two copper wires of sufficient 
length to allow freedom of movement to the observer. 

The thermocouples are connected to a rotary switch in the cab 
by means of which each one in turn may be put into the poten- 
tiometer circuit. The wiring diagram is shown in Fig. 5. A 
thermocouple measures the difference between the temperatures 
of the hot and cold junctions and consequently it is necessary to 
know the temperature of the cold junction and to connect the hot 
and cold junctions in such a way that no other electromotive force 
is set up. As in Fig. 5, the thermocouples are connected with 
special extension leads to a connecting strip which is located at 
some convenient spot near the front, of the locomotive. These 
extension leads are of the same material as the thermocouple 
wire, so that no electromotive force is set up at their junction. 
This connecting strip is mounted in a closed metal box, so that 
all the junctions will be at the same temperature. From the 
connecting strip copper leads are run to the rotary switch in the 
cab. The common wires from the rotary switch, which are con- 
nected to each thermocouple in turn, are connected with copper 
leads forward to the connecting strip and from there connected 
with the special extension leads back to the cab. The ends of 
these leads are joined to copper wire, which is connected to the 
potentiometer. This junction of the extension lead and the cop- 
per wire forms the cold junction and is placed in a piece of 4/¢ 
in. pipe. The thermometer and cold junction will be at the same 
temperature and will not be affected by stray air currents. As 
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many thermocouples as desired can be wired with extension leads 
to the connecting strip at the front of the engine and the single 
extension lead going back to the cold junction will automatically 
refer the cold junction from the connecting strip to the cab. 

For best accuracy in measuring the steam rate it is desirable 
to have thermocouples in both steam pipes and both sides of the 
exhaust stand. The temperatures should not vary much from 
side to side, but with the two sets of thermocouples variations 
can be seen and a true average obtained. 

Instead of using the thermocouples the temperatures can 


STAND 
TEMP 


STEAM PIPE 
THERMOCOUPLE 


iP. 


CONNECTING STRIP 


LEADS. 


GALVANOMETER 
See fic.4 Coto JuncrioN 
THERMOMETER. 


COPPER COPPER 


POTENTIOMETER 


FROTARY SWITCH. 
Fie. 5 Wiring DIAGRAM 


EXTENSION LEAD + 


THERMOMETER 


EXTENSION || 


COPPER 


Fic. 6 JuNcTION 


. 

- 

Y 
| 

| | 

| 
SPRING. cover 

COPPE, 

PORCELAIN /NSULATORS 

4 
Z 

Y 

4 

re 


RAILROADS RR-57-5 499 
be measured with even greater accuracy by using plati- FABLE 1 TEST OF acc TYPE LOCOMOTIVE 
num-resistance thermometers. Temperature 

It has alre , bee inte : » hes op Cutoff, ipe, Exhaust, Steam Exhaust Steam 
ady pointed that the he dr Test Ton- Speed Throttle per lb lb per pipe, steam, rate, lb 
from the steam pipe to the exhaust includes radiation no. nage mph opening cent sqin. sq in. E F per ihp-hr 
from the steam pipes, steam chests, cylinders, and 1 3779 30.7 Full 44 149.9 11.2 641 318 17.59 
one cylinders, 2 3879 24.0 Full 48 149.0 12.6 639 327 18.13 
exhaust passages. For a typical Pacifie-type locomo- 3 2016 42.4 ~°& Full 40 147.7 12.5 597 291 18.62 
tive, this radiation loss has been calculated to be ap- = 
roximately 0.42 per cent ¢ > he ri he 6 2690 32.0 Full 43 142.5 12.7 635 325 18.21 
P ; y : I : cent of the heat drop with th 7 2629 34.3 Full 42 142.9 12.5 633 320 18.09 
engine standing stil] and 0.83 per cent of the heat 8 2699 30.6 Full 46 149.2 13.0 625 314 18.41 
tion loss can be allowed for, but it is ious ths 11 Full 46 155.7 12.6 632 306 17.40 
‘ d f obvious that 12 3476 33.3 90% 42 147.3 12.5 642 327 17.93 
inaccuracies in its determination will be negligible in 
its effect on the calculation of the steam rate. 
Roap Tests or Locomotives 15 3680 33.4 Full 47 165.5 9.7 710 354 15.68 
; 16 3701 30.8 Full 47 162.7 12.0 683 348 16.69 
Table 1 shows the results obtained on road tests of 17 2966 =. 28.1 Full 49 164.0 13.0 716 367 15.87 
2623 
object of the test was to determine the effect on the en- = = 
gine performance of a special design of superheater unit. 22 wae 32.0 Full 45 160.4 11.2 677 357 17.53 
Tests were first run with the standard type-A super- 
eater in place. es i s y °-n in- 2! «ie 29.8 Full 45 159.4 12.4 712 375 16.48 
heater in place The special superheater was then in we ian 46 
stalled in place of the type-A and further tests were 27-3670) 26.3 Full 55 156.8 14.0 690 367 17.21 
with reference to the running. » engine was in regu- 30 4112 30.8 Full 48 4162.7 11.9 681 351 ~~ 17.02 
3 The eu 31 3354 31.7 Full 48 162.7 13.5 690 357 16.79 
lar service, pulling whatever trains were assigned to it 32 2754 37.4 Full 43 161.9 11.8 675 350 17.38 
with various engine crews. The locomotive would run Ave 3318 32 4 Full 47 160.7 126 «693 359 16.73 


for half a division, then take on water, and then finish 
the run to the end of the division. Each test, 


TABLE 2. TEST OF 4-6-2 TYPE LOCOMOTIVE 
shown in Table 1, is the average of readings 


Pressure——-—~ —--Temperature-— Steam 
taken every two miles for about 40 to 50 miles, Test No.of Ton- Cutoff Steam pipe Exhaust, Steam pipe, Exhaust rate, Ib 
no. cars nage percent lbpersqin. |bpersqin. F F per ihp-hr 
representing about half a division. After starting, 1 5 571 25 202 11.6 700 356 16.47 
several miles were allowed before readings were = = 
commenced, in order that conditions might be- 4 5 571 25 210 12.9 705 355 16.19 
ried back of the locomotive as a test car. The 7 = 
thermocouples were all wired to the caboose, 
where the temperatures were read by an observer Ave 587 25.4 207 12.2 706 350 15.89 
with the potentiometer and rotary switch. The . one 14 
wiring connection between the caboose and tender 11 6 644 25 214 10 748 356 14.21 
nected. Temperatures were measured on the left 14 6 643 26 209 13.3 745 358 14.38 
side of the engine only. Avg i 655 25.5 212 12.1 748 361 14.41 
- The method of testing was success- 
Reker ful and the readings obtained were 
FROM AND) PRES 3. MEAS, PNT S consistent and reasonable. The in- 
20 crease in steam temperature with the 
special type of superheater showed a 
18 Conve ¥7- PR Bde ¥ 24) decrease in steam rate, in line with 
~ INBICATOR FARDS other tests. This will be referred to 
= later, when the accuracy of the heat- 
a iz drop method is discussed. 
: Table 2 shows the results obtained 
ly in a similar test on a 4-6-2-type loco- 
10 motive in fast passenger service. In 
this case temperatures were measured 
bY in both steam pipes and in both sides 
Y of the exhaust stand. The variation 
S from side to side was not very great, 
but was enough to be significant. 
The potentiometer and rotary switch 
were mounted in the cab and even at 
the highest of speeds the galv: 
STEAM TEMPERATURE IN STEAM PIPE, DEG. FAH. 


satisfactory. Asin the test recorded 
Fig. 7 Revation or Stream Rate AND STEAM TEMPERATURE in Table 1 the increase in steam- 
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pipe temperature showed a decrease in steam rate, as would be 
expected. The readings of the steam-pipe temperature, exhaust- 
stand temperature, and steam rate are more consistent than those 
shown in Table 1. This is because the weight of the train did 
not vary much. Only two crews were used for all of the tests, 
and the time-table schedule was kept more closely. 


Accuracy OF Hreat-Drop MEASUREMENT OF STEAM RaTE 


It is difficult to estimate the absolute accuracy of the steam 
rate as determined by the proposed method. In a number of 
locomotive tests, particularly those made at the Altoona testing 
plant of the Pennsylvania Railroad, measurements were taken 
of the exhaust-steam temperature. This temperature was al- 
ways measured in the exhaust-steam passage close to the steam 
chest, and, as already pointed out, the readings cannot be taken 
as being accurate. Consequently, it is not possible to compare 
the steam rate as obtained in these tests from the heat drop and, 
as obtained fiom the indicator cards, except in a general way. 

Some idea of the possible accuracy of the heat-drop method 
can be obtained from Fig. 7. In this figure steam rate is plotted 
against temperature in the steam pipe. Curve 1 is taken from 
Pennsylvania Railroad bulletin No. 24, published in 1914, en- 
titled “‘Superheater Tests.” In this bulletin tests are described 
which were made on a Pacific-type locomotive. The only 
changes throughout the test were the length and arrangement 
of the superheater units. All points shown on curve 1 are for a 
constant cutoff of approximately 40 per cent and a consistent 
speed of approximately 240 rpm. The steam-pipe pressure 
varied from 170 to 195 lb. Curve 2 is plotted from the results 
given in Table 1. These tests were run at approximately 45 
per cent cutoff, with a steam-pipe pressure of from 145 to 165 
Ib per sq in. 

On account of the lower steam-pipe pressure it would be ex- 
pected that curve 2 would lie above curve 1, showing a higher 
steam rate for the same steam temperature. The general trend 
of curve 2 is the same as that of curve 1. Another measure or 
indication of the accuracy of the results is the scattering of the 
points about the average line. It must be remembered that the 
tests for curve 1 were made on a stationary test plant, with the 
speed, cutoff, and horsepower being closely controlled. The 
tests for curve 2 were made in regular service, with a large varia- 
tion in speed and tonnage, and with a number of different crews 
operating the locomotive. In view of this it is thought that the 
scattering of the points for curve 2 compares favorably with the 
scattering of the points for curve 1. 


MEASUREMENT OF INDICATED HORSEPOWER 


It was pointed out by L. K. Botteron, in a paper in the Rail- 
way Mechanical Engineer, July, 1930, that the exhaust nozzle of a 
locomotive could be considered as a flowmeter. From the ex- 
haust pressure and temperature the velocity of the steam in the 
exhaust-nozzle tip can be determined. Using the connections 
for pressure and temperature, as shown in Fig. 3, it is necessary 
to apply a correction for the velocity of the steam at the point 
where the pressure is measured. The usual formula for determin- 
ing the velocity of steam in a nozzle is 


V2 = 223.7 
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where V; = outlet velocity, ft per sec 
H, = inlet heat content, Btu per Ib 
H, = outlet heat content, Btu per lb. 


In order to allow for the velocity of the steam at the point 
where the pressure is measured it is necessary to use the more 
exact formula 


2 
= 778(H; — H;)............. [2] 


where V; = inlet velocity, ft per sec 


From a knowledge of the pressure and temperature in the ex- 
haust pipe the quantity H, is determined. From a Mollier dia- 
gram the quantity H; is obtained, since the steam expands adia- 
batically and the entropy is the same at points 1 and 2. The 
pressure at point 2 is the pressure in the smokebox, and from the 
entropy and pressure the specific volume can be determined. 
Since the same weight of steam is flowing by points 1 and 2, the 
relation between V,; and V2 is 


A, v2 
where A; = area of exhaust stand where pressure is measured, 
sq ft 
A, = area of exhaust tip, sq ft 
v: = specific volume at inlet, cu ft per lb 
v, = specific volume at outlet, cu ft per lb. 


Substituting this value of V; in Equation [2] gives 


E 
29 


from which V2, or the velocity in the exhaust tip, can be calcu- 
lated. The flow of steam through the exhaust tip is equal to 
the velocity multiplied by the area, multiplied by the density, 
multiplied by a coefficient. It was assumed in the article by 
Botteron that this coefficient would be unity. Using this as- 
sumption the author has obtained some results which agreed 
fairly well with the measurement of water from the tender tank. 
It is felt that for better accuracy it would be desirable to cali- 
brate the exhaust tip by means of a standing or blowdown test. 
It would be possible for any railroad to establish the coefficient 
for their design of exhaust tip and then to use the exhaust-stand 
pressure and temperature measurements to give accurate read- 
ings of the flow of steam through the exhaust tip. By making 
suitable corrections for the steam flowing from the exhaust to 
the feedwater heater or exhaust-steam injector and for the steam 
flowing from the auxiliaries to the exhaust passage the weight of 
steam to the engine can be calculated with fair accuracy. These 
readings would give the flow of steam to the engines at any in- 
stant during arun. When the steam rate is known, as obtained 
from the heat-drop measurements, the indicated horsepower, at 
any instant, can be obtained by dividing the steam to the engines 
by the steam rate. This enables the indicated horsepower to be 
determined by measuring the temperature and pressure of the 
steam in the steam pipe and in the exhaust stand. 


= 778 (H; — Hs)......... {4} 
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The Correlation of Spring-Wire Bending 
and Torsion Fatigue Tests 


By E. E. WEIBEL,' BERKELEY, CALIF. 


The investigation reported in this paper was an attempt 
to correlate bending and torsion fatigue results for tem- 
pered Swedish valve-spring wire so that the torsion fa- 
tigue strength might be inferred within reasonable limits 
of accuracy from the fatigue values found in the simpler 
rotating-beam test. The original program called for 
(a) the development of suitable methods of gripping the 
wire for the torsion fatigue tests; (6) the determination 
of bending and torsion fatigue values for one size of wire 
in the as-received condition, and also after removal of 
the surface layer in a centerless grinder; (Cc) the deter- 
mination of fatigue values for other sizes of wire between 
1/, in. and '/, in., as permitted by time limitations; and 
(d) a survey of the literature for data bearing on the 
correlation of bending and torsion results. The results 
of these experiments on straight specimens of tempered 
Swedish wire in torsion and bending fatigue may be 
summarized as follows: 

1 Methods of gripping were developed which are satis- 
factory for both bending and torsion fatigue tests with 
the exception of torsion tests on shot-blasted wire. 

2 Zero to maximum torsion fatigue values for straight 
specimens in the as-received condition were about 70 per 


1—REVIEW OF THE LITERATURE 


MetHops OF GrRipPING WIRE IN TorsION Fatiague TrEsts 


DESCRIPTION of gripping methods satisfactory for 

A torsion fatigue tests on tempered carbon-steel wire could 
not be found. 

F. C. Lea of Sheffield has developed methods of gripping which 

are satisfactory for cold-drawn wires. In his earlier work (1)? 


1 Instructor in Department of Mechanical Engineering, University 
of California. Dr. Weibel received the degree of B.Sc. in mechanical 
engineering at McGill University, Montreal, in 1918. During the 
summers, 1915 to 1917, he was employed as structural draftsman 
with the Dominion Bridge Company, Ltd., Montreal; and from 
1918 to 1922 as mechanical designer and estimator on steam-turbine 
and electric-crane work. From 1922 to 1927 he was supervisor, under 
the mechanical engineer of the company, of the mechanical-design 
squad on cranes, hydroelectric regulating gates, etc. During 1928 
and 1929 he studied mathematics at the University of Toronto and 
in 1929 returned to the Dominion Bridge Company where he was 
employed on mechanical standardization and as field engineer on the 
installation of hydroelectric equipment. In 1931 Dr. Weibel received 
the M.S.E. degree and in 1932 the degree of Ph.D. in engineering 
mechanics from the University of Michigan where he specialized in 
photoelastic stress determination. At the time these tests were 
carried out Dr. Weibel was research associate in the engineering re- 
search department of that University. 

2 Numbers in parentheses correspond to similarly numbered 
references given in the bibliography at the end of the paper. 

Contributed by the Research Committee for presentation at the 
Annual Meeting of THe AMERICAN SocieTy OF MECHANICAL ENGI- 
NEERS to be held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1936, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


cent higher than values estimated from previous tests on 
carefully coiled springs. 

3 The smaller of two sizes of wire tested in the as- 
received condition had the higher torsion fatigue limit 
and lower ultimate torsional strength. 

4 Removal of the natural surface by grinding increased 
the bending fatigue strength about 20 per cent, but de- 
creased the torsion fatigue strength about 4 per cent. 

5 Shot-blasting increased the bending fatigue strength 
about 27 per cent and increased the torsion fatigue 
strength an undetermined amount. 

6 The zero-to-maximum torsion fatigue limits of two 
sizes of wire tested in the as-received condition were 1.5 
and 1.6 times their respective bending fatigue limits. 

7 For two sizes of wire in the as-received condition 
the values of 0.84 and 0.90 were obtained for the ratio of 
reversed torsion fatigue strength to reversed bending 
fatigue strength. 

8 Approximate measurements of surface residual stress 
were made on the wire in different conditions before 
and after fatigue testing and before and after coiling, 
which may have a bearing on the fatigue properties of 
springs. 


split bushings were used. These were not entirely satisfactory 
for tempered wires. In his later work (2) gripping shanks of 
an alloy with a low melting point (type metal) were cast on the 
ends of the wire specimen. It was found that 80 per cent of the 
cold-drawn-wire specimens failed at a distance from the grips. 

Goodacre (3) reviews gripping methods in use in England for 
bending, tension, and torsion fatigue tests on ferrous and non- 
ferrous wires. In the case of torsion Lea’s casting method is 
mentioned. 

A study of type-metal alloys by F. D. Weaver (4) was noted; 
also a paper by L. J. G. van Ewijk (5) on the penetration of steel 
by soft solder and other molten metals at temperatures up to 
400 C. The latter’s observations may explain why Lea’s casting 
method, unmodified, was not successful with tempered Swedish 
wire. 

In 1929, O. Féppl (6) obtained increased torsion and bending 
fatigue strengths of polished specimens by rolling the surface 
so as to produce local plastic flow. 

A publication by P. Behrens (7) describes the rolling apparatus 
used by Féppl, and gives further results. An increase of 17 per 
cent in torsion fatigue strength of a mild steel was obtained, and 
increases of 20 to 50 per cent in bending fatigue strength of a 
low-carbon steel. 

Thum and Wunderlich (8) determined the bending fatigue 
strength of shafts with and without a press-fitted collar. Heavy 
stress concentrations, microscopic rubbing with the formation 
of oxides and corrosion, lowered the fatigue strength consider- 
ably. By surface-rolling the shaft and shaping the collar to 
reduce stress concentration, an increase of 95 per cent in fatigue 
strength was obtained. 

A paper by O. J. Horger (9) presents a considerable amount 
of data on the surface-rolling process. Increases in bending 
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fatigue strength around 30 and 40 per cent were obtained. 
Petersen and Wahl (10) also experimented with surface-rolling. 
Their paper includes a summary of Thum and Wunderlich’s 
results. 


FatTiavE RESULTS ON TEMPERED SWEDISH VALVE-SPRING WIRE 


Swan, Sutton, and Douglas (11) tested straight specimens of a 
tempered Swedish valve-spring wire in torsion fatigue with maxi- 
mum stress four times the minimum stress. When tested at full 
diameter of 0.128 in. the safe range was from 20,200 to 80,800 
lb per sq in. When reduced to 0.100 in. diameter and polished, 
the safe range was from 31,400 to 125,500 lb per sq in., an in- 
crease of 56 per cent. These stress values were not measured 
directly but were assumed proportional to the angular travel of 
the gripping chucks, an assumption which will be shown later to 
be unjustified because of variations in the effective length of the 
specimen. 

F. P. Zimmerli (12) tested a number of steels in the form of 
completed springs. The steels, numbers 4 and 7, were straight 
carbon pretempered Swedish wires, 0.148 in. diameter, with 0.75 
and 0.65 per cent carbon content, respectively. The safe ranges 
decrease with increasing mean values of torsion stress in close 
agreement with the Goodman diagram. Probable values of zero 
to maximum torsion stress range extrapolated from the diagrams 
are 68,000 and 58,000 Ib per sq in., respectively. 

Bending fatigue tests were made on two sizes of Swedish valve- 
spring wire by Shelton and Swanger (13). The first wire, 0.162 
in. diameter, 0.65 per cent carbon, had an ultimate tensile strength 
of 221,000 lb per sq in. and with the natural surface a fatigue 
strength 34 per cent of the ultimate, or +76,000 lb per sq in. 
When reduced to 0.130 in. diameter and polished, the fatigue 
strength was 56 per cent of the ultimate or + 126,000 lb per sq in. 
The second wire, 0.148 in. diameter, 0.65 per cent carbon, had an 
ultimate strength of 217,000 lb per sq in. and a fatigue strength 
only 30 per cent of the ultimate or +65,000 lb per sq in. It 
showed surface defects. 


OTHER FaTIGuE RESULTS 


The torsion fatigue results of G. A. Hankins (14) on polished 
specimens of spring steel show safe stress ranges which are prac- 
tically the same for alternating torsion and for zero-to-maximum 
torsion stress. For higher mean stresses there is a reduction in 
the safe range but values are always greater than would be given 
by the Goodman diagram. 


THE CORRELATION OF TORSION AND BENDING FATIGUE RESULTS 
FOR WIRE 


No reports of experiments were found in which torsion and 
bending fatigue results were obtained for the same wire and com- 
pared. Considerable experimental work and some theoretical 
work having a bearing on the torsion fatigue strength and on the 
ratio of torsion to bending fatigue strengths was reviewed. 

A criterion of fatigue failure of metals under any type of stress 
does not appear to have been found. Fahrenhorst and Schmid 
(15) review briefly the hypotheses as to the cause of fatigue failure 
of Kuntze, Haigh, Ljungberg, Ono, Ludwik, Gough, Hanson and 
Wright, and Schmid. These are many and various and will not 
be given here. 

H. J. Gough (16) reported that behavior of metals was being 
studied under reversed bending, reversed torsion, and all possible 
combinations of these two types of fatigue loading. Mild steel, 
a ductile material, obeyed closely the distortion-energy theory 
of von Mises and Hencky and discussed in a paper by Nadai (17), 
according to which theory the safe torsion fatigue stress would 
be 0.577 times the safe bending fatigue stress. But an alloy 
steel and a cast iron exhibited other relations. He concludes that 
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no general criterion of failure obtains under the stated stress con- 
ditions. 

Fatigue experiments by A. F. Maier (18) on tubes under two 
types of reversed stressing obtained by means of internal pres- 
sure appeared to support the theory of maximum shear stress 
according to which the safe shear stress is 0.500 times the safe 
tensile stress. The results did not support the distortion-energy 
theory. 

Moore and Kommers (19) list the reversed-torsion endurance 
limits and the reversed-bending endurance limits for polished 
specimens of a number of straight-carbon steels which had re- 
ceived widely different heat-treatments. The average of 19 
values of the ratio of torsion endurance limit to bending endur- 
ance limit was 0.55. Extreme values were 0.48 and 0.64. The 
average of 49 values of the same ratio, from results of tests on 
polished specimens, listed by Gough (20), was 0.56. Extreme 
values were 0.44 and 0.80. These results are for presumably 
homogeneous and isotropic material, and surface effects have been 
eliminated as far as possible. 

Gill and Goodacre (21) studied some aspects of the fatigue 
properties of patented wire. They found that wire with decar- 
burized surface will take overloads as well as, or better than, wire 
not decarburized and conclude that there is no gain in removing 
the decarburized surface if wire will be overstressed much. The 
writers assume that the ratio of torsion fatigue strength to bend- 
ing fatigue strength should have the value 2/3, and using this 
value together with one of their bending fatigue results for pol- 
ished wire, they calculate a hypothetical torsion fatigue strength 
which agrees closely with a previous experimental torsion fatigue 
value for polished wire obtained by Lea and Dick (22). They 
say, “It seems very probable therefore that the fatigue limit in 
bending will give a good indication of the torsional fatigue prop- 
erties of polished spring wire.’’ But they give no reasons why it 
should and offer only one sample calculated value, and do not 
check experimentally the torsion strength of the actual wire 
whose bending fatigue strength they used in their calculations. 
The arbitrary use of the ratio */; did not appear to be justified. 

Values of stress concentration factor around spherical and 
cylindrical inclusions have been given by Southwell and Gough 
(23) and J. N. Goodier (24), and the stresses around an elliptical 
hole in a plate by C. E. Inglis (25). 

Goodier shows that the elastic stress concentration factors at a 
small spherical cavity in regions of uniform pure shear and of 
uniform tension stress are 1.91 and 2.72, respectively. These 
values cannot be used in estimating the effect of such a cavity on 
fatigue strength in the two cases, since the first is in terms of 
maximum shear stress, and the second is in terms of maximum 
tensile stress. From Goodier’s results it can be shown that for a 
cavity in a field of uniform tension stress, the maximum shear 
stress is increased just 1.91 times. If fatigue failure were known 
to be determined by maximum shear stress, this would lead to the 
practical conclusion that the ratio of torsion endurance limit to 
bending endurance limit is unaffected by the presence of small 
spherical inclusions which are not too close to the surface. 

Since in wire, inclusions are probably lengthened out as a re- 
sult of drawing, calculations for ellipsoidal cavities would be of 
interest, but none were found in the literature.* 

For flaws at the surface of wire, the two-dimensional elastic 
stress concentrations for circular and for elliptical cylindrical 
holes might be applied assuming again an arbitrary criterion of 
fatigue failure. At a minute circular hole in the surface of the 
wire, for the case of torsion, the maximum shear stress is doubled, 
and for the case of bending, the maximum shear stress is trebled 

3 A paper by H. Neuber has since been noted, ‘‘Der Raiimliche 


Spannungszustand in Umdrehungskerben,”’ Jngenieur Archiv, vol. 6, 
no. 2, April, 1935, p. 133. 
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(24). Therefore, such a flaw is more effective in reducing the 
bending fatigue strength than in reducing the torsion fatigue 
strength. 

Still assuming the maximum shear stress criterion, we may 
consider the elastic stress concentration factors for an elliptical 
flaw on the surface with major axis placed longitudinally and four 
times the length of the minor axis. For the case of bending, 
Inglis’ formula gives a factor of 1.5. For the case of torsion, the 
maximum shear stress is increased by the factor [1 + (a/2b) + 
(b/2a)], where a and b are the major and minor semiaxes, respec- 
tively. This formula is not given by Inglis, but was obtained 
from his results. The value of the factor in the present instance 
is 3.12. Hence, it is seen that a longitudinal elliptical surface 
flaw will reduce the torsion fatigue strength proportionately 
more than it will the bending fatigue strength. Numerical com- 
parisons are limited by the lack of numerical values for notch 
sensitivity of the material, but it is apparent that any attempt to 
calculate the torsion fatigue strength from the bending fatigue 
strength must take account of the shape of flaws which are per- 
mitted by the specifications. A striking example of the forma- 
tion of four fatigue cracks at the points of stress concentration 
around an approximately elliptical flaw of a torsion fatigue speci- 
inen is shown in Fig. 27. 

Different materials under alternating loading react differently 
to stress concentration. 

W. Buchmann (26) concludes that ‘Notch sensitivity is a 
utilizable property of the material, determinable by calculation.” 
This is the same quantity which R. E. Peterson (27) calls “stress 
concentration index’ q where 


q = —1) 


where k is the ordinary endurance limit without stress concentra- 
tion divided by the endurance limit with stress concentration 
(fillet, hole, ete.), and K is the elastic stress concentration factor 
and is equal to the maximum stress at a fillet or hole divided by 
the average nominal stress. 

W. Buchmann (26) made fatigue studies in bending and torsion 
on specimens about 0.3 in. diameter, with circumferential notches 
of 0.002 in. to 0.08 in. radii. Fatigue strength of annealed ma- 
terials was practically unaffected by the presence of the notch (q 
practically equal to zero for very ductile materials), while for 
hardened steels the reduction in fatigue strength was practically 
proportional to the calculated increase of stress at the notch (q¢ 
approximately unity for very brittle materials). For the same 
material the greatest difference between actual reduction of fa- 
tigue strength and reduction calculated from the elastic stress 
concentration factor occurred with the sharpest notches (q 
decreases with increased sharpness of the notch in a particular 
material). 

Erich Scheil (28) published a paper on the origin of cracks in 
steel as a result of heat-treatment, and found a dependence on the 
internal-stress condition, the separation strength of the steel, and 
other factors. 

The effect of internal stresses on fatigue strength were studied 
by Buehler and Buchholtz (29), who worked with specimens about 
1 in. in diameter. They found that compressive surface stresses 
of about 30,000 to 50,000 Ib per sq in. caused by quenching, raised 
the bending fatigue limit from 10 to 20 per cent. They quote 
results which show that large tensile surface stresses reduce the 
fatigue strength about 15 per cent, and that tensile stresses below 
28,000 Ib per sq in. have no appreciable effect on fatigue limit. 
They mention the gradual reduction of internal stresses as a re- 
sult of fatigue stressing. 

The same authors (30) studied the relation between residual 
temperature stresses and yield point of the material and found 
higher residual quenching stresses for materials with lower yield 
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point due to the greater amount of plastic deformation which 
occurred during quenching. 

Buehler and Scheil (31) studied the combined effect of tem- 
perature and transformation stresses in 2-in. diameter specimens 
of quenched steels. The nickel content was varied to give vari- 
ous transformation temperatures corresponding to different car- 
bon content in straight-carbon steels. Lower transformation 
temperatures left tension stresses at the surface. Very high 
transformation temperatures left compressive stresses. Smaller- 
diameter specimens had smaller tension or compression surface 
stresses than large-diameter specimens. 

Linicus and Sachs (32); in studying the effect of the die angle 
and degree of drawing on the internal stresses in wire, measured 
the internal stress by planing off half the width of the wire and 
noting the change of curvature. However, this gave only a 
qualitative measure of stress. 

R. M. Brown (33), in measuring residual stresses in cold- 
drawn mild-steel rods, found that in general, zero stress is at an 
annulus 0.66 of the diameter, with tensile stress outside and com- 
pressive stress within. 


GENERAL 


H. J. French (34) discusses the phenomenon of delayed frac- 
tures. Hardened and slightly tempered steels which did not 
fail at 10 million repetitions, failed suddenly at 30 to 60 million 
repetitions. The steels were all nickel steels and delayed frac- 
tures were observed at hardnesses above the range 45 to 50 on the 
Rockwell C scale, but not at lower hardnesses. No mention of 
the same effect in straight-carbon steels was found in the litera- 
ture. 

Another delayed-fracture effect is mentioned by A. Jiinger 
(35) who found that flat bending specimens of hardened chrome- 
molybdenum steel, in which stress concentration was produced by 
a small hole, were breaking even after 75 million repetitions, 
whereas unbored specimens did not break after 5 million repeti- 
tions. 


2—MATERIALS INVESTIGATED 


Three coils of straight-carbon tempered Swedish valve-spring 
wire were supplied by three different wire manufacturers for the 
purpose of these tests. The wire was specially selected in 
regard to freedom from inclusions and for as nearly a perfect 
surface as could be obtained. 

The stress-strain curves for static tensile and torsional tests of 
these wires are plotted in Figs. 1, 2, and 3, while the dimensions, 
chemical analyses, Rockwell hardnesses, and strengths are given 
in Table 1. The ultimate torsion strength was calculated from 
the formula 


5.1 X maximum twisting moment 


diameter® 


Carbon contents for the outer 0.001-in. thick layer were found 
to be 0.57, 0.59, and 0.59, respectively. Photomicrographs of 
the boundary material are discussed below. 

Fatigue tests were made chiefly on the 0.225-in. and 0.187-in. 
diameter wires. Complete series of tests were not made on the 
0.187-in. and 0.125-in. wires because of lack of time. 

Polished longitudinal sections and cross-sections of the 0.187-in. 
and 0.225-in. diameter wires were examined for inclusions. At 
100 magnifications, inclusions were smaller in general than about 
0.015 in., and no large inclusions were observed. 

The structure at 1000 magnifications of a cross-section of the 
0.187-in. wire is shown in Fig. 4, and of a longitudinal section of 
the 0.225-in. wire in Fig. 5. 

The boundary of the 0.187-in. wire at 1000 magnifications is 
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shown in Fig. 6 in which decarburization to a depth of about 
0.0005 in. is shown. 

Fig. 7 shows decarburization at the boundary of the 0.225-in. 
wire, the oxide scale being in focus. Fig. 8 shows another por- 
tion of the boundary of the same wire, at which the distribution 
of ferrite is less disperse. 

The photomicrographs show the extent of decarburization bet- 
ter than the carbon analyses previously given, as the latter gave 
the average carbon content for a layer twice as thick as the actual 
decarburized layer. 


3—DESCRIPTION OF THE FATIGUE-TESTING MACHINES 


Bending fatigue tests were made on a short-span rotating-beam- 
type machine, which was found to work satisfactorily for 0.225- 


TABLE 1 RESULTS OF TESTS ON THRE f ‘in CIMENS OF 
TEMPERED SWEDISH WIRI 


Diameter of wire, in. Myr 

Coil diameters as received, in 

Chemical analyses: 
Manganese 


Phosphorous 
Tensile a. lb per sq in.: 


Torsional strength, lb per sq in.: 
Ultimate 
Yield point 
Elongation in 8 in., per cent. : 
Elongation in 2 in., per cent 
Reduction of area, per cent 
Hardness, Rockwell C...... 
Stress-strain curve 
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Fic. Curves From Sratitc Tests or 0.225-In. DiAMETER TEM- 
PERED SWEDISH WIRE 


in. and 0.187-in. diameter wires, but not for 0.125-in. wire. 
Clear lengths of specimens between 1'/, in. and 2!/, in. were used. 
Grips were cylindrically bored and fitted with an external cone 
and nut for clamping. 

Torsion fatigue tests were conducted on three machines of the 
constant-strain type shown in Fig. 10. A '/.-hp driving motor 
running at 1725 rpm was coupled to a shaft with a variable ec- 
centric. A connecting rod gives an oscillating motion to one of 
the gripping chucks through a rocker arm of variable radius, the 
maximum angular motion being about 12 deg. 

The second gripping chuck was originally clamped solidly on 
these machines, but in order to provide a means of determining 
the stress range at all times while the machine was in operation, 
a torsion-measuring member was inserted in series with the speci- 
men under test. Two dial indicators measured the relative ro- 
tation of the two ends of this member at the extremities of the 
cycle. This device was calibrated statically under known tor- 
sion moments. Inertia effects in it were negligible, the calcu- 
lated error with the proportions used being 0.1 per cent. Read- 
ings of the dials for zero torque were made at the beginning of a 
test with the specimen in place by unclamping the dead end of the 
torsionmeter and giving the assembly a slight oscillatory motion 
to eliminate friction. 

A revolution counter was connected to the eccentric shaft. 
The motor was controlled through a 6-volt relay circuit, a current 
of 0.125 amp passing through the specimen under test. A 
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ROSS-SECTION OF THE 0.187-IN. DIAMETER 


(X 1000) 


DIAMETER WIRE (X 1000) 


Fic. 5 Srrucrure In A LONGITUDINAL SECTION OF THE 0 
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spring was provided to shift the oscillating grip a distance of 
about 0.0625 in., thus opening the circuit. Relays were adjusted 
so as to remain open after a momentary break in the circuit. 
This plan did not always stop the motor since contact was often 
maintained through the two parts of the fractured specimen. A 
phosphor-bronze leaf-spring contact in series with the specimen 
was therefore added at the end of the oscillating shaft which posi- 
tively broke the circuit with a small endwise motion of the shaft 
and stopped the motor as desired. 


Fic. 8 ANOTHER PART OF THE SAME SECTION OF THE 0.225 IN- 
DIAMETER WIRE SHOWN IN Fic. 7 ILLUSTRATING A DIFFERENT TYPE 
oF DECARBURIZATION (X 1000) 
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Ball-bearings were used throughout, lubrication being main- 
tained by oiling at the end of every one or two million cycles. 

Vibration was reduced to a minimum by balancing the rotat- 
ing eccentric parts and mounting the machines on thick sponge- 
rubber pads. 

For tests at values of mean stress other than zero, a rotational 
adjustment was provided, which could be varied during opera- 
tion. 

The split chucks were cylindrically bored to 0.5 in. diameter and 
each was clamped by means of four °/,-in. heat-treated bolts. 


Fie. 9 Seam Asout 0.001 In. Deep Founp ONLY ONE SECTION 
OF THE 0.225-IN. DIAMETER WIRE (X 100) 
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Fig. 11 Spurr Steer Mouips; BenpinG AnD Torsion Specimens Cast Type-Metat Enps; Types oF STEEL, 
CopPpeR AND CopprER-LEAD BUSHINGS, AND SPECIMENS PREPARED IN DIFFERENT MANNERS 


4— DEVELOPMENT OF GRIPPING METHODS FOR TORSION 
Cast-ENp 


At the inception of this project no satisfactory methods of 
gripping were known for the torsion fatigue testing of tempered 
valve-spring wire in the as-received condition. Failure of straight 
wire specimens invariably occurred at the grips where the phe- 
nomena of stress concentration, microscopic rubbing, oxide for- 
mation, and corrosion were all present. The difficulties may be 
illustrated by Swan, Sutton & Douglas’ torsion fatigue tests on 
Swedish wire (11). Of 25 specimens tested only two failed away 
from the grips, and another two ran unbroken for ten million 
stress cycles. 

For cold-drawn wires, the difficulties had been overcome by 
F. C. Lea (2) by the use of cast type-metal ends. Adhesion was 
obtained by first tinning the ends of the wire which was then 
gripped in a split steel mold and poured with type metal. Molds 
and specimens of this type are indicated in Fig. 11. The tempera- 
ture reached by the central portion of the wire in the process was 
not above 100 C, and when such high temperatures were reached 
they were only of momentary duration. 

Lea’s method was taken as the starting point for the present 
work with tempered wire. The alloy used was described by Lea 
(2) as a white metal having a melting point as low as 107 C, and 
by Goodacre (3) as a type metal melting at 180 C. In the experi- 
ments reported in this paper, a matrix metal, a tin-lead solder, 
and a commercial monotype metal were tried first. The matrix 
metal contained 28.5 per cent lead, 14.5 per cent tin, 48 per cent 
bismuth, and 9 per cent antimony, and had a melting point of 
105 C. The tin-lead solder had a melting point of approximately 
180 C. The monotype metal analyzed 76 per cent lead, 8 per 
cent tin, and 16 per cent antimony, and had a melting point 
around 240 C. 

The matrix alloy and the tin solder did not adhere to the wire 
in torsion fatigue trials, whereas the monotype metal always 
adhered, even for torsional stresses in the wire as high as 140,000 
lb per sq in. Monotype metal is relatively inexpensive, and as it 
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SHAPE OF THE ENDS OF THE SPECIMENS Usep IN TORSION 
Trests 


seemed to meet the initial requirements it was used in subsequent 
tests. 

Specimens of 0.125-in. wire were prepared with cast monotype 
ends and tested in torsion fatigue. In all cases in the early ex- 
periments failure occurred at the inner end of the molded type- 
metal shank. To reduce stress concentration effects the ends 
were variously shaped as shown in Figs. 12a, 12b, and 12c and 
were gripped at varying values of D shown in Fig. 12d, but frac- 
tures were always at the junction with the white metal thus indi- 
cating that stress concentration was probably not the chief cause 
of failure. For small angles A and for large values of D shown 
in Figs. 12a and 12d, respectively, the white metal failed by 
cracking along a helix. In order to vary the hardness of the white 
metal, pouring temperatures were varied from 475 C to 300 C, 
and mold temperatures were reduced to as low as 5 C with no 
apparent effect on the position of wire fractures. 

A few specimens were clamped directly in a split-copper bush 
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4 Fig. 16 Device ror ROLLING THE SURFACE OF THE WIRE. THE 
ROLLED Spring Was CALIBRATED TO PropucE ACCURATE ROLLING 
PRESSURES 


ing with a 0.009-in. layer of detail paper between the wire and 
bushing. These failed at the grips. 
One specimen was clamped without paper in a split mild-steel 
; bushing and failed at the grip. 
.225" 2a | % 6 Removal of the decarburized layer and polishing is known to 
greatly increase the fatigue strength of wire. When this was done 
—— and followed by tinning and casting on type-metal shanks, failure 
LLED again, as with other methods, occurred at the grip. 
Five specimens of 0.187-in. wire were prepared with cast mono- 
b type ends for testing in the rotating-beam machine, in the belief 
4 that conditions here would not be so drastic as for torsion and 
that bending fatigue experiments could be started. Although 
< = the different shapes of the ends of the specimens shown in Figs. 
oe SS 12a, 12b, 12c, and 12d were tried, failure always occurred at the 
| \ grips. One bending specimen was not tinned, but cast directly 
a on the wire which had been fluxed in zine chloride. It failed at 
b the grip, indicating that tinning was not an essential cause of 
ROLLED failure. 
Cc The presence of a yellowish white oxide at the junction of wire 


Fie. 15 Busatne ror Grinpinc, Rouune, Gripping With cast shank suggested a similarity in the gripping problem to 
SPECIMENS that of the failure of axles at a press fit, where stress concentration 
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and corrosion fatigue due to the formation of oxides are present 
(8, 9,10). In the experiments of Thum and Wunderlich remark- 
able increases of bending fatigue strength were obtained due to 
surface-rolling. This process was next tried and since it met with 
success it will be described in detail. 


SurFACE-ROLLING oF WIRE SpECIMENS 


The apparatus detailed in Fig. 13 and shown in Fig. 16 was 
assembled and used to roll the surface of wire specimens at the 
points where failure had previously been found to occur. The 
rollers were made of 7/j.-in. diameter hardened steel with the face 
crowned to */3:-in. radius. Roller dimensions were taken from 
the dissertation of O. J. Horger (9). A load of approximately 
100 Ib was used at the spring, giving roller loads of about 230 Ib 
each. The approximately straight wire specimens were gripped 
in a lathe chuck and rotated at various speeds. The 0.225-in. 
wire was rotated at 25 rpm and the 0.187-in. wire at 35 rpm, giv- 
ing a surface speed of 1.5fpm. <A feed of 0.0055 in. per revolution 
was used. 

With the roller dimensions and loading as given, the maximum 
shear stress in a perfectly elastic solid calculated by the Herz 
theory for contact stresses was in the neighborhood of 500,000 
lb persqin. The yield point in shear of the tempered wire is from 
120,000 to 140,000 lb per sq in. Consequently, this extremely 
high stress is not reached but plastic flow takes place to a depth 
depending upon the roller pressure. The slow rolling speed 
allows time for plastic flow to occur. As a result of rolling, the 
surface material is work-hardened, is made more dense, and is 
left with heavy compressive residual stresses, all of which prob- 
ably contribute to its increased fatigue strength. 

Two portions of the wire specimen, each about °/s in. long, were 
rolled as shown in Fig. 14. The roller pressure was increased 
linearly from zero to a maximum in a length of !/;. in. to 1/g in. 
and similarly reduced to zero at the other end of the rolled por- 
tion. The tinning was not permitted to touch the natural surface 
of the wire in the center portion because of possible penetration 
and weakening (5). The cast end was kept clear of the end of 
tinned portion so that perfect adhesion was obtained. The bev- 
eled ends of the wire specimen were centered in female lathe 
centers for turning the type-metal ends to fit the chucks of the 
torsion machine. It was obviously not necessary for the wire to 
be straight with this method of gripping. 

Before tinning, the ends of the wire were rubbed lightly with 
emery cloth to remove scale, and fluxed in zine-chloride solution. 
They were tinned by dipping into molten 50/50 lead-tin solder 
at 325 C. The momentary temperature reached at a point in 
the wire just clear of the tinning did not in general exceed 75 C. 
This was measured by inserting a thermocouple in small holes 
drilled in pieces of '/s-in. and */,-in. drill rod, and tinning these 
as for the wire specimens. 

The monotype metal was poured at 325 C and the molds were 
usually at or slightly below room temperature. The split molds 
weighed 0.60 and 1.25 Ib for the 0.187-in. and 0.225-in. wires, 
respectively. The metal cooled quickly and wire temperatures 
as measured by thermocouples did not exceed 75 C. 

The combination of cast ends with surface rolling of the wire 
was successful for alternating torsion fatigue tests on as-received 
wire and on wire with the surface ground. Practically every 
specimen failed away from the gripping points. The method 
was not successful for shot-blasted wire, since the surface ma- 
terial of this wire is strengthened greatly by work-hardening. 
The method was successful for bending fatigue tests in a short- 
span rotating-beam machine on wire in the as-received, ground, 
shot-blasted, and shot-blasted-and-blued conditions. 

To obtain torsion fatigue results for shot-blasted wire, a sur- 
face layer of approximately 0.0015 in. was removed from the two 
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end portions of the specimens after which they were polished 
and rolled. Since the wire specimens were not perfectly straight 
it was necessary to rotate them in a lathe and clean them with 
emery cloth. All scratches had to be removed to eliminate the 
danger of the specimen breaking at the scratches. The few 
specimens prepared in this way did not fracture as desired, 
probably due to scratches from the emery, but the double 
strengthening due to removal of decarburized layer and to sur- 
face rolling should more than counterbalance the strengthening 
in the center portion of specimen due to shot-blasting. Further 
work with this method should yield results. 

When the cast-end type of specimen was tested in a zero-to- 
maximum torsion-stress cycle, there was a continuous angular 
creep in the type-metal ends. The effect of this creep was to 
shift the stress range to a position with a lower mean stress value 
so that it was necessary to adjust the machines at frequent inter- 
vals in order to maintain the intended stress cycle. The cast-end 
method was consequently abandoned for zero-to-maximum 
stress cycles, although it is probable that an automatic method 
of maintaining the proper stress cycle can be worked out. This 
may be a desirable development as the cast-end method has the 
great advantage of reducing stress concentration to a minimum. 


Spiit-BusHInGc MetHops 


For tests in a zero-to-maximum torsion-stress cycle, split bush- 
ings were used to grip the wire. In conjunction with the bush- 
ings surface rolling was always used to strengthen the wire in the 
critical region. Bushing materials experimented with were 
ordinary cold-rolled steel, hard-drawn copper, and a copper-lead 
alloy with about 25 per cent lead. Steel was used because of its 
high coefficient of friction, requiring lower gripping pressures, 
while copper-lead was used because of its successful application 
in the pulsating tensile tests of Shelton and Swanger (13). The 
friction coefficient of brass was too low for satisfactory gripping. 
In some cases the ends of bushings were faced square with no 
attempt at relieving stress concentration, while in other cases 
they were beveled in an attempt to reduce the pressure peak 
occurring at the ends. When set in the machine they were 
chucked sometimes flush at the ends, and sometimes protruding 
a short distance, which was believed to reduce the pressure peak 
due to gripping. In some cases a thickness of paper was used 
between the wire surface and the bushing bore. Rolling and 
subsequent gripping of the wire were done either directly on the 
natural surface or on a portion which was polished after being 
reduced about 0.004 in. in diameter to remove the decarburized 
layer. 

The wire diameter was reduced either by grinding between 
centers which could only be done on samples specially selected 
for straightness, or more practically by hand in a lathe using 
strips of successively finer emery cloth. Bushings were drilled 
solid with a twist drill and sometimes finish-bored by a gun 
reamer with which it was attempted to bore them 0.0005 in. 
smaller than the neat-wire size. They were split into halves by a 
1/,-in. milling cutter, and in one case each half was slotted to 
provide greater flexibility in clamping around the surface of the 
wire. 

Five specimens of 0.225 in. wire in the as-received condition 
were selected for straightness and ground between centers to 
0.221 in. diameter using the tapered-end fittings shown in Fig. 
15a. They were rolled and gripped by the methods of either 
Fig. 15a or Fig. 15b. Specimens Nos. 350 and 351, shown in 
Fig. 25, were gripped in the copper-lead bushing detailed in Fig. 
15b. Both of these specimens fractured in the center as shown in 
Fig. 25. However, the fracture of specimen No. 350 was at a 
surface flaw as is evidenced from the stress-repetition or S-N 
curve in Fig. 18. Specimen No. 352 was gripped in a copper 
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bushing 1 in. long, as shown in Fig. 15a, and was run 10.1 million 
cycles of 0 to 97,000 lb per sq in. stress without breaking. Speci- 
men No. 353 shown in Fig. 25 was gripped in a cold-rolled steel 


0.225" DIAMETER 
TEMPERED SWEDISH WIRE 


AS RECEIVED 
bushing 1 in. long and broke in the center portion. Specimen cue A aene Ghee 
No. 354 similarly gripped in a steel bushing was removed un- CURVE B "TORSION 


broken after 4.4 million cycles. Very little galling of the wire 
surface was evidenced. Copper-lead bushings could not be used —_0*LB/ IN’ } 
more than once because of plastic deformation. The method 80 
may be considered successful but somewhat elaborate. 

In an effort to simplify the procedure, the reduction in diame- 
ter of the gripped portions of specimens was omitted. The 60 
natural surface of the wire, or 0.187 in. diameter in this case, was 
rolled as required, the scale was removed with fine emery paper, 40 1 
and the wire was gripped in split copper bushings. Although 10° REPETITIONS 
the wire had been straightened by hand bending none of the speci- 
mens were actually straight so that gripping in the torsion ma- 
chine would introduce small static bending stresses which were 
neglected. Specimens Nos. 201 to 207 were prepared in the man- TIN 
ner described and gripped in copper bushings having an end de- omen Ly rosunin undue WIRE 
tail as shown in Fig. 15c. Specimens Nos. 201, 205, and 206 frac- Li iii AS RECEIVED 
tured clear of the grips while specimens Nos. 202, 203, and 204 | 
broke at the grips. Specimen No. 207 ran 10.1 million cycles at | mahi 
0 to 105,000 Ib per sq in. stress. There was noticeable galling | T TTI 1 TI | | 
and probably penetration of the copper into the steel wire at te te rt 
points near the inner ends of the bushings where the pressure was 12 | S\.1 11 Bt 
greatest. Fatigue cracks started at such points. It was be- LevIN? 
lieved that the decarburized surface was particularly susceptible 7 | ssa x4 . 
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Fig. 17 


ZERO TO MAXIMUM TORSION 


to this welding or seizing action and the next group of specimens 10 | 


Nos. 208 to 210, were prepared with the gripped portions re- ; 
duced in a lathe to 0.183 in. by emery cloth previous to the sur- 8 + — 7 
face-rolling operation. Fig. 15c indicates the tapered end of 10 RePETITIONS '0 
bushing and projection from the chuck as used for all three speci- Fie. 18 
mens. Specimen No. 208 was gripped in a steel bushing and 
broke at the grip. Specimens Nos. 209 and 210 were gripped in 
split copper bushings but were first wrapped with a 0.003-in. . 
layer of a high-grade linen bond paper. The bushings had been ——— 
bored to 0.185 in. diameter and therefore had to be forced onto the 120} -—+ 
paper-covered specimen. Both specimens broke clear of the 
bushings. The paper was somewhat disintegrated at the inner 
ends of bushings, as_ is usual, due to small relative motion. 
There was also some fusing of copper to steel. IOxLB/IN- 
It is believed that with better distribution of gripping pressure 80 
most of the failures at the grips in these experiments might have 
been avoided. A good bond-paper filler will compensate for ir- 
regularities in the surface of the bushing bore, but it is also neces- 
sary that the gripping pressure be distributed radially around the 
wire surface rather than along two lines which are diametrically = 
opposite to one another. To obtain this distribution, an under- 
sized bushing bore was tried as mentioned, and in some cases a Fic. 19 
paper filler was placed between the outside of the bushing and the 
bored hole of the torsion-machine chucks. This had the effect 
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of forcing-in the opposite edges of the bushing halves and thus aaa 0.225" DIAMETER 

improving the distribution of pressure. ee ws eG rt TEMPERED SWEDISH WIRE 
Welding of the bushing material to the wire surface had trouble- 12 tH SHOT BLASTED 

some consequences in the tests. Apart from providing points of | re CURVE A REVERSED BENDING 

weakness, it reduced the effective length of specimen between 00 | lt 3 6 $ — 

grips and thus, since the torsion machines are constant-strain | | HT PAL | TH 

machines, increased the range of stress applied to the specimen. ayy] ox | 

The action was progressive and called for frequent strain adjust- 80 

ments to keep the stress range within reasonable limits. This ——} +113 

effect was observed on the 0.187-in. wire gripped on the natural 60 | | | ot | 4B | | | 

surface and when reduced to 0.183 in. by emery cloth and paper. | LLU meee | || | 

It was also observed on the 0.225-in. wire ground between centers | | | {| 1] mal | | 

to a 0.221-in. diameter gripping seat when gripped in copper-lead repetitions 107 

bushings (specimen No. 351), but was not observed when gripped 

in steel or copper bushings (specimens Nos. 354 and 352). These Fia. 20 
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TABLE 2 VARIATIONS IN ore Rance IN SEVERAL OF THE 


Variation in range—— 
Increase 6% in 2 million cycles 
Increase 3 to 5% in 0.2 million cycles 
+ 7% in 3.6 million cycles 
Decrease 1.5% in 2.5 million cycles 
Decrease 8% in 0.5 million cycles 
Decrease 1% in 4.5 million cycles 
Increase 7.5% in 0.7 million cycles 


-——Type grip— 
Copper bushing 
Steel bushing 
Monotype metal 
Monotype metal 
Monotype metal 
Steel bushing 
Copper-lead metal 
Copper bushing 


Decrease 4.5% in 2.2 million cycles 
Copper bushing 


Decrease 1.0% every 2.5 million cycles 
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latter results do not agree with Shelton and Swanger’s (13) con- 
clusion that copper-lead causes less galling of the surface than 
copper, and it may be, as mentioned previously, that the distribu- 
tion of gripping pressure was the determining factor. 

The stress range did not remain constant throughout the en- 
durance test of any one specimen, although in some instances the 
variation was very small. In contrast with the phenomenon 
mentioned previously, some specimens gripped in split bushings 
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showed a gradual reduction in stress range, probably due to a 
loosening of the wire at the inner ends of the bushings. The 
specimens with cast type-metal ends always showed a reduction in 
range which seemed to be due to relaxation under the gripping 
pressure, and consequent loosening in the chuck. This was cor- 
rected easily by tightening the gripping bolts. The effect was 
greatest at high stress ranges when specimens heated up consid- 
erably, but was quite small in tests near the fatigue limit. Regu- 
lar attention and readjustment was thus necessary in all torsion 
tests to maintain stress ranges within satisfactory limits. The 
observed variations in stress range for some individual specimens 
are given in Table 2. 


5—TEST PROCEDURE 


The wire surface was examined by etching in a solution of 
equal amounts of concentrated hydrochloric acid and water 
maintained at 80 C. The wire was reduced in diameter in steps 
of about 0.0005 in. and examined at each stage until a reduction 
of about 0.004 in. had been made. The surface of all three sizes 
was exceptionally homogeneous and free from defects. With 
much deeper etching longitudinal streaks appeared which were 
probably not related to the original surface. 

A seam about 0.001 in. deep, found in a photomicrograph of 
the 0.225-in. wire, shown in Fig. 9, could not be located in other 
sections and therefore probably did not extend a great distance 
in the wire. 

Fractures were examined directly and at about 10 magnifica- 
tions. In general, inclusions, if present at the point of origin of 
the fatigue crack, were too small to be seen, but their presence 
was often indicated by a slight distortion of the fractured surface 
at this region, as it is known that the value of stress and its di- 
rection in the region of a cavity are largely determined by the 
shape of the cavity. Some individual specimens which did not 
show up well in the fatigue tests showed failure to have begun at 
an inclusion or seam as, for example, specimens Nos. 350 and 221, 
shown in Figs. 25 and 27, respectively. A few cross-sections of 
failed specimens were polished and examined at 100 magnifica- 
tions for cracks without success. 

The clear length between grips of torsion specimens was de- 
termined by the maximum angular travel of the oscillating chuck, 
and the stress range desired for the individual specimen. Values 
of length Z used in the tests were approximately as follows: 


Wire diameter, in. L 
0.125 5/g = 1/8 
0.187 = 1/8 
0.225 = 


Specimens were cut to a length of about 4!/, in. and prepared 
with either cast ends or split bushings as previously described. 

In the early tests on 0.225 in. wire, it was used just as it came 
from the coil, having a slight natural curvature. In all later 
tests, for convenience, the wire was hand-straightened by being 
bent in opposition to this natural curvature. Residual stresses 
were no doubt present in both cases. 

Care was taken not to scratch the wire in preparing specimens, 
as it was found that scratches were often, though not always, the 
points at which the deciding fatigue crack started. 

Specimens were mounted in the testing machine which was 
started at approximately the desired stress range. By adjust- 
ment of the angular travel of the oscillating grip the desired 
stress range would be obtained in a few thousand stress cycles. 
Adjustments were made as required to maintain a fairly constant 
range. 

In general, a point on the fatigue diagrams of Figs. 17 to 23 
represent a stress cycle which did not vary more than +5 per 
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cent. Error in reading torque was about 0.5 per cent, and the 
error in initial calibration is estimated at 0.5 per cent. 
Torsion stresses were calculated by the formula 


5.1 X (maximum twisting moment) 


Maximum shear stress = : 
Diameter® 


Bending stresses were calculated by the formula 


Maximum bending stress 


10.2 X (maximum bending moment) 


Diameter? 


Because of its possible effect on the relative strength in torsion 


Fig. 24 Typrtcat Fatigue Fractures or 0.225-In. Wire TrEstep 
In ALTERNATING ToRSION. Usep IN As-RECEIVED CONDITION 


Fie. 25 Typicat Fatigue Fractures or 0.225-In. Wire TEsTEeD 
In Torsion. Usep 1n As-RECEIVED 
CONDITION 


and bending fatigue, the presence of residual stress in the wire 
was verified experimentally. The method neglects any circum- 
ferential stress which may be present and, therefore, at best 
is only approximate. A flat surface about '/s. in. wide was 
ground on one side of a length of wiry and the change in curva- 
ture of the wire noted. From the change in curvature and the 
calculated segmented area of the portion removed the longitu- 
dinal stress in the surface material can be found. A change of 
curvature in one direction indicates a tension stress, while a 
change in the opposite direction indicates a compression stress. 
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Measurements were made on straight pieces of wire in differ- 
ent conditions and on half-coils of wire specially prepared for the 
measurement of coiling stresses. Fig. 30 shows the device for 
measuring the coiling stresses with a half coil clamped in position 
and an ordinary micrometer arranged to measure deflections. 
Contact was determined by the use of ear phones and a battery 
circuit. 

Where residual stress values are given, the possible error might 
easily be +50 per cent although the figures given are averages of 
2 to 4 separate determinations which usually agreed within +25 
per cent. Measurements of coiling stresses were made in a 
limited time and only relative values of stresses are available. 


6—RESULTS OF TESTS 


The results of tests on 0.225-in. and 0.187-in. wire are plotted 
as stress against the logarithm of the number of repetitions to fail- 
ures on the S-N diagrams of Figs. 17 to 23. Fractures which oc- 
curred away from the ends are indicated by circles while speci- 
mens which did not fracture are indicated by a circle and an ar- 
row. In some eases, since they provide useful information, frac- 
tures which occurred at or near the grips are included, and are 
indicated by triangles. 


Resvutts or Tests on 0.125-IN. Wire As RECEIVED 


A complete series of tests was not made on 0.125-in. wire as 
received, but the results of tests on two specimens give some idea 


Fic. 26 Typrcat Fatiagve Fractures or 0.221-IN. CENTERLESS- 


GROUND WIRE TESTED IN ALTERNATING TORSION 


of the fatigue strength in a zero-to-maximum torsion stress cycle. 
One specimen without failure withstood 15 million repetitions of 
a stress cycle which at the beginning of the test was from zero to 
125,000 Ib per sq in., at 10 million zero to 107,000 Ib per sq in., 
and at 15 million zero to 106,000 Ib per sq in. : 

Another specimen broke after 5.7 million repetitions of a stress 
cycle which at the beginning of test was from zero to 124,000 
Ib per sq in., at 0.26 million cycles it was from zero to 116,000 Ib 
per sq in., and at the end of the test it was from zero to 113,000 
Ib per sq in. 

From these two tests the zero-to-maximum torsion endurance 
limit for 0.125 in. wire as received may be estimated at something 
over 110,000 lb per sq in. 


Resutts or Tests ON 0.225-1n. Wire as RECEIVED 


The bending fatigue results show little scatter, as seen from 
the curves in Fig. 17, and give a smooth curve, with the endurance 
limit at 67,000 lb per sq in. which is 33 per cent of the ultimate 
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strength of 204,000 lb per sq in. Reversed torsion tests show an 
endurance limit of 56,000 lb per sq in. which is 34 per cent of the 
ultimate torsional strength of 166,000 lb per sq in. Bending 
fractures shown in Fig. 29a were smooth and showed clean ma- 
terial. Torsion fractures also were all in homogeneous material, 
the crack starting at about 45 deg to the axis forming two 
roughly symmetrical fractured surfaces as shown in Fig. 24. 
Reversed torsion endurance limit is 0.84 times the reversed bend- 
ing endurance limit. 

Zero-to-maximum torsion tests showed an endurance limit of 
100,000 Ib per sq in. as observed from Fig. 18. Fractures of this 
specimen, shown in Fig. 25 were unsymmetrical and of a different 
type. The fatigue crack started at about 45 deg and curved 
around the specimen in circumferential and longitudinal diree- 
tions. Specimen No. 350 gave a point well off the curve and the 
position of the surface flaw responsible for failure can be seen in 
Fig. 25. Fractures otherwise showed clean material. 


Tests or 0.225-In. Wire Repucep To 0.221 In. In a CENTER- 
LESS GRINDER 

This series of tests was run to determine the effect of a surface- 
grinding treatment which might be commercially practicable. A 
single pass across a 60-grit wheel was used. The surface though 
smooth in appearance was considerably coarser than a surface 
polished with No. 1 emery paper. It was found that due to 
slight curvature of the wire before grinding, a variable thickness 


Fig. 27.) Typican Fatigue Fractures or 0.187-In. Wire Testep 
IN ALTERNATING ToRSION. Wire Usep 1n As-RECEIVED CONDITION 


of layer was removed. 
all over were tested. 

Fatigue curves for this test are shown in Fig. 19. The bending 
endurance limit is 81,000 !b per sq in., an increase of 21 per cent 
over the value for wire as received, in spite of the fact that grind- 
ing marks are circumferential. Bending fractures of the speci- 
mens used in this test, shown in Fig. 29), are seen to be slightly 
stepped and ragged, and are not as clean cut as for the as-received 
wire. 

The endurance limit in reversed torsion from the curve in Fig. 
19 is 54,000 Ib per sq in., which is 4 per cent lower than the value 
for as-received wire and 0.67 times the reversed bending endur- 
ance limit of ground wire. Fractures occur at 4'/2, 6, and 13 
million cycles, and the curve does not become horizontal until 
about 10 million cycles are reached. 

The “delayed fractures” of French (34) and Jiinger (35) are 
Suggested by these results. French found that fractures oc- 
curred after 10 million cycles in nickel steels harder than about 
45-50 Rockwell C, but not in steels with lower Rockwell values. 


Only specimens which had “cleaned up” 
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Removal of the soft outer surface may leave a surface which is 
in the hardness range where delayed fractures occur, and the 
usual test to 10 million cycles is not sufficient. Also the grinding 
marks might provide stress concentrations and cause delayed 
fractures such as Jiinger observed. These effects are not present 
in the bending fatigue curve, however. 

An examination of the fractured torsion specimens showed 
that a cross-section of specimen No. 330 revealed no cracks or 
seams. The fractured surface was stepped and a crack extended 
at about 45 deg into the metal, suggesting the presence of an in- 


Fig. 28 Fatigue Fractures or 0.187-In. Wire Testep IN ZERO- 
To-Maxtmum Torsion. Wtre Usep in As-REecEIVED CoNDITION 


Fic. 29. TyptcaL BenpineG Fatigue Fractures or 0.225-In. 

(a) As-Recetvep ConpiT10on; (6) Grounp To 0.221 In. DIAMETER; 

(c) SuHot-BLastep ConpiTion; (d) SHot-BLasteD AND BLUE 
ConDITION 


clusion. Specimens Nos. 332, 333, 334, 335, and 337, F.g. 26, 
showed slight irregularities on the fractured surface at the region 
of crack formation which might have been flaws, whose effect was 
accentuated in some manner by the grinding. 


Resutts or Tests on 0.225-In. SHor-Buastep WIRE 


Wire in the as-received condition was shot-blasted in a stand- 
ard revolving drum for 25 min with air at a pressure between 70- 
75 lb per sq in. 

The reversed bending endurance limit as shown by the curve 
in Fig. 20 was 85,000 lb per sq in. which is 27 per cent higher than 
for wire as received. Bending fractures of the specimens are 
shown in Fig. 29c. 
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TABLE 3 BENDING AND TORSION ENDURANCE VALUES FOR TEMPERED SWEDISH VALVE-SPRING WIRE? 


Diameter, in 

Reversed bending endurance limit, lb per sq in. 

Per cent of ultimate tensile strength. . 

Reversed torsional endurance limit, ib per sq. in. 

Per cent of ultimate torsional strength 

Ratio of reversed torsional stress to reversed bending stress. 
Zero-to-max. torsional stress endurance limit, lb per sq in 
Ratio of zero-to-max. torsional endurance limit to reversed pean stress. 
Ultimate tensile strength, lb per sq in a 
Ultimate torsional strengtb, lb per sq in 


@ Based upon 10 million stress reversals. 

b Wire tested in as-received condition. : 
¢ Wire ground to size from 0.225 in. diameter with No. 60 grit. 
Wire shot-blasted before testing. 

€ Wire shot-blasted and blued before testing. 


All torsion fractures occurred at or near the grips and these 
are shown on the diagram in Fig. 20 by triangles. One specimen 
ran 10 million cycles at 61,500 lb per sq in. without fracture. The 


- 


Fig. 30 Device ror MEASURING COILING STRESSES IN A 


(A flat spot is ground on the inner surface of the coil and the deflection of 
the arm is measured by a micrometer. ea and a battery circuit are 
to record contact at the micrometer.) 


true fatigue curve will lie above the triangular points in Fig. 20 
representing fracture at the grips so that the endurance limit is 
estimated to be an unknown amount above 61,500 lb per sq in. 


0.225-In. SHot-BLASTED-AND-BLUED 
WIRE 


After shot-blasting the specimens were blued at 500 F for 30 
minutes in a Homo furnace and cooled in the furnace. 

The bending-endurance limit shown by the curve in Fig. 21 is 
83,000 lb per sq in. which is about 24 per cent greater than for 
wire as received. Fractures were slightly irregular but clean, 
and are shown by the specimens in Fig. 29d. 

Only two reversed-torsion specimens fractured clear of the 
grips although some of the other fractures started clear of the 
grips and extended to them. None of the specimens ran 10 
million cycles without fracture, but the endurance limit is prob- 
ably above 65,000 lb per sq in. 


ReEsvutts oF TESTS ON 


Resutts oF Tests on 0.187-In. as RECEIVED 


The bending fatigue limit for 0.187-in. wire as-received is 
shown on the curve in Fig. 22 to be 67,C90 lb per sq in., which is 
about 32 per cent of the ultimate strength of 211,000 lb per sq in. 

Seven points are shown for the reversed-torsion endurance 
curve, two of which represent failure at the grips. No specimen 
ran through 10 million cycles without failure, up to the time of 
making the diagram, but the endurance limit is very probably at 
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60,000 Ib per sq in., which is 0.90 times the reversed bending en- 
durance limit, and 37 per cent of the ultimate torsional strength. 

Some torsion fractures of the 0.187-in. specimens are shown in 
Fig. 27. Specimen No. 221 failed at a longitudinal surface flaw 
or inclusion about 0.04 in. long. Two diagonal cracks are seen 
extending from the points of stress concentration at each end of 
the flaw. 

The curve for zero-to-maximum torsion tests on 0.187 in. wire 
is shown in Fig. 23. One specimen was unbroken after 10 mil- 
lion reversals at 105,000 lb persqin. A greater number of signifi- 
cant points was not obtained because of difficulties encountered 
with seizing of the copper-bushing to the wire thereby increasing 
the stress range in an erratic manner. The endurance limit is 
estimated at 107,000 lb persqin. Specimen No. 210 failed clear 
of the grips but a radial crack about 0.03 in. long could be seen 
on the fractured surface, which explains the position on the dia- 
gram. Specimen No. 201 was accidentally run at a very high 
stress. Fracture started at many points forming a ragged cone 
and a conical hollow. There was considerable slipping in the 
copper bushing at this high stress. 

A tabulation of all fatigue results is given in Table 3. 


RESIDUAL STRESSES 


The following results of residual stress measurement are in- 
cluded for their suggestive value. Errors of +50 per cent or 
more may be present. 

(a) As Received. One piece of 0.187-in. wire and one piece of 
0.225-in. wire, just as they came off the 36-in. diameter coils with 
a slight permanent set or curvature, were used to determine the 
residual stress along four edges spaced 90 deg around the wire. 
No check measurements were made in this case. The results of 
this test are given in Table 4. : 


TABLE 4 LONGITUDINAL RESIDUAL STRESSES IN WIRE AS 
RECEIVED? 


Diameter of wire, in 
Kind and location of stress: 
Inside edge of coil, tension. 
Outside edge of coil, compression 
Flat side (1), tension. ee 
Flat side (2), tension. 


@ All values in lb per sq in. 


The results in Table 4 show very well that even coiling to 36 
in. diameter leaves large tensile stresses at the inside of the coil 
and corresponding compression stresses at the outside. The 
averages of the values measured along the two flat sides are ap- 
proximately 25,000 lb per sq in. in both cases, which is probably 
not sufficient to materially affect fatigue strength (29). 

(b) Ground 0.221-In. Diameter Wire. Measurements on three 
samples of this wire were erratic and gave compressive longitudi- 
nal stresses from 0 to 8000 lb per sq in. The fact that an uneven 
thickness of layer was removed will explain the variation in stress 
measurements. 

(c) Shot-Blasted 0.225-In. Diameter Wire. Measurements on 
three samples gave values of longitudinal compressive stress 
which were within +12 per cent of 165,000 lb per sq in. 
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(d) Shot-Blasted and Blued 0.225-In. Diameter Wire. Three 
measurements gave values of longitudinal compression within 
+14 per cent of 27,600 lb per sq in. The bluing treatment re- 
duced shot-blasting stresses to one-sixth their value. 

(e) Measurements on Fatigue Specimens. Bending specimen 
No. 611, made of 0.225-in. diameter as-received wire, after 10 
million reversals at 67,000 lb per sq in., showed an average value 
. of longitudinal tension stress, for four sides of the wire of 73,000 
lb persqin. No other specimens were available to check this re- 
sult which would indicate that residual tension stresses from 
tempering do not disappear under fatigue loading, and may, 
therefore, have an effect on the fatigue strength. 

Bending specimen No. 642 of shot-blasted wire had run 13 
million reversals at 85,000 lb per sq in. The only two measure- 
ments obtained on this specimen were zero and 56,000 lb per sq 
in. longitudinal compressive stress. No other specimens were 
available for check measurements. It would appear that the 
heavy compressive stress due to shot-blasting does not remain 
under fatigue stressing and consequently tests to 20 or 30 million 
cycles might give lower fatigue values than those obtained. 

(f) Coiling Stresses. After coiling as-received wire in a 2-in. 
diameter coil, heavy residual longitudinal tensile and compres- 
sive stresses were present on the inside and outside of the coil, 
respectively. Bluing reduced these stresses to about one-third 
their original value, but they were still appreciable in magnitude. 


7—CONCLUSION 


The zero-to-maximum torsion endurance limits of 110,000, 
107,000, and 100,000 Ib per sq in. for as-received wire are about 
70 per cent higher than the values of 68,000 and 58,000 lb per sq in. 
estimated from the results of experiments on completed springs 
of similar material by F. P. Zimmerli (12). Residual tension 
stresses at the inside of the coils, even if they were shown to be 
present after the bluing treatments, would not be sufficient to 
explain such large differences in fatigue strengths, as Buehler and 
Buchholtz’ results (29) show variations of only 15 or 20 per cent 
due to internal stress. 

The results given in this paper may be considered as ideal 
values as it is possible to attain if no serious flaws are 
present. The twelve 0.225-in. specimens tested in zero-to-maxi- 
mum torsion, the results of which are plotted in Fig. 18, repre- 
sent a total length of not over 12 in. of wire actually submitted to 
the repeated stressing. In a single complete spring, possibly 40 
in. of wire would be under test and if there were only one flaw in 
each spring such as that in specimen No. 350, indicated in Fig. 
18, it is obvious that lower fatigue values would be obtained in 
the tests on complete springs. The only remedy for such a con- 
dition would be the elimination of all serious flaws in the material. 

Comparison may also be made with Swan, Sutton, and Douglas 
torsion results (11) on straight specimens of 0.182-in. diameter 
tempered Swedish wire with natural surface. The present zero- 
to-maximum value of 110,009 Ib per sq in. for 0.125 in. wire is 
about 70 per cent higher than the results of their tests which were 
made at a ratio of minimum-to-maximum stress of 1:4. 

The consistently high values of torsion endurance limit ob- 
tained for three sizes of wire in the experiments reported in this 
paper might suggest the presence of some consistent error in the 
work. However, the tests were made on three machines which 
were separately calibrated statically; calibration factors agreed 
closely and test results for the same wire on different machines 
were consistent among themselves. 

Although ratios of reversed-torsion fatigue strength and of zero- 
to-maximum torsion fatigue strength to reversed-bending fatigue 
strength have been obtained for 0.187 in. and 0.225 in. wires and 
given in Table 3, it has not been possible to correlate these ratios 
with the factors which largely determine them, such as the shape 
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of inclusions and of surface flaws. The extent and relative effect 
on bending and torsion fatigue strengths of anisotropy due to the 
drawing process has not been investigated. The effect of residual 
stress, if present, on the ratio of bending and torsion fatigue 
strengths would appear to call for investigation. Until informa- 
tion is available in the directions indicated it is not apparent that 
the bending fatigue strength of a wire will be a certain measure 
of the torsion fatigue strength of that wire. 
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Evaluation of Effective Radiant Heating 
Surface and Application of the 
Stefan-Boltzman Law 


to Heat Absorption in Boiler Furnaces 


By H. F. MULLIKIN,' 


In the first section of this paper a method has been de- 
veloped for converting well-known types of furnace heat- 
absorbing surfaces into an equivalent effective radiant 
heating surface. It concerns the evaluation of this effec- 
tive radiant heating surface as controlled by (1) various 
spacings of waterwall tubes, (2) various kinds of blocks 
on the waterwall tubes, (3) various amounts of slag on 
the waterwall tubes or blocks, and (4) the emissivity of 
the waterwall surface exposed to the flame. The second 
section deals with the fraction of heat supplied to the 
furnace that is given up by the gases in the furnace which 


1—EFFECTIVE RADIANT HEATING SURFACE 
()' THE number of methods offered for the evaluation of 


effective radiant heating surface in steam-boiler furnaces, 

the most logical method appears to be that involving in 
part the work of Hottel.** Briefly this method is based on the 
fact that radiant-heat transmission is governed by the laws 
of absorption and reflection. Thus, Lambert’s cosine law is 
applicable, that is, a rough or corrugated “black” surface will 
not receive any more radiant heat than a similar plane or flat 
surface. Although this principle has been contested by some 
investigators it is generally accepted. 

In this work we are interested in the areas in so far as they 
effect the radiant-heat transfer. Therefore, we may adopt as 
a standard unit of area, a square foot of effective radiant heating 
surface (water- or steam-cooled surface) which absorbs a maxi- 
mum amount of radiant heat. If our premises are based on 
the Stefan-Boltzman law this unit square foot of radiant heating 
surface must necessarily be defined as a square foot of plane 
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is solved most simply and practically by the use of the 
Stefan-Boltzman radiation law. 

Results computed in this manner have been compared 
with results reported in a paper entitled, “An Experi- 
mental Investigation of Heat Absorption in Boiler Fur- 
naces.’’? It is found that for large pulverized coal, and 
oil-fired and gas-fired furnaces, the assumption of an 
effective furnace emissivity of unity leads to results which 
are in substantial agreement with experimental data. 
For stoker-fired furnaces in general, the effective fur- 
nace emissivity appears to be less than unity. 


surface, perfectly clean, having an emissivity of unity, and so 
cooled by water or steam that its temperature is not greater 
than that of the water or steam which is cooling it and absorbing 
heat. 

Radiation to this unit surface from a black body or unity 
emissive surface at various temperatures will be as shown in 
Fig. 1 which was derived from the Stefan-Boltzman law. This 
curve does not change appreciably for temperatures of the ab- 
sorbing radiant heating surface varying from 0 to 1000 F abs. 
Hence, the standard unit square foot of effective radiant heating 
surface may be further defined as that square foot of surface 
which would absorb an amount of heat as indicated by Fig. 1 
when receiving radiation from a black-body source at the given 
temperature. 

Using this latter definition, any area having less radiant-heat 
absorption per square foot may be converted into an equivalent 
smaller area having the def. ed unit radiant-heat absorption 
per square foot by the use of multiplying terms which take into 
account the divergence of the conditions of the actual surface 
from those of the theoretically defined surface. 

In practice, radiant-heat surfaces differ from the defined unit 
surface in that they are formed of metal tubes, often spaced at 
intervals, separated by refractory, and perhaps are covered by 
steel, cast-iron, or refractory-faced blocks. Various amounts of 
slag will form on the surfaces thus causing them to be less effec- 
tive in absorbing heat. In addition the surfaces will have an 
emissivity less than unity., 

If A is the projected overall waterwall area under these 
latter conditions and Arts is the effective radiant heating surface 
as defined, then 


Arts = AF ,F oF 


where F, is an area factor, F¢ is an average conductivity factor, 
Fg is a slag factor, and Fx is an emissivity factor. 

The area factor F, is used to reduce overall surface to an 
equivalent effective radiant surface, assuming the surfaces clean 
and of perfect heat conductivity. The average conductivity 
factor F¢ is used to take into account the fact that for refractory- 
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faced blocks the heat absorbed by the waterwall is less than for 
blocks consisting of a material of perfect heat conductivity. 
That is, if a refractory face on a 1-sq ft block diminishes the 
heat transfer one-half, this surface is equivalent to 0.5 sq ft of 
defined effective radiant heating surface. It can be shown that 
this F¢-factor varies with furnace temperature. In this paper, 
however, a mean value for the average furnace temperature has 
been assumed. The value will be sufficiently correct for the 
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present until more data becomes available. The slag factor 
Fg is similar to F¢, but is dependent for its value on the thickness 
of slag present. The emissivity factor Fg is used to take into 
account the fact that the emissivity of the surface is less than 
unity. 

Thus, effective radiant heating surfaces are computed on 
a basis of radiant-heat-absorbing ability, and all furnace water- 
walls, no matter what their construction, may be reduced to a 
number of defined unit effective radiant heating square feet of 
surface by suitable selection of correction factors. 


AREA Factor F, 


The selection of these factors must be based upon existing 
data. Values of F, may be mathematically calculated for all 
shapes and constructions of waterwalls. Fig. 2 shows curves 
taken from Hottel* for various bare-tube arrangements. Ordi- 
narily curve 2, Fig. 2, is the only curve of those given that is used 
to determine F, in boiler furnaces. The curves hold without 
significant error for all values of the dimension 7’ for one row of 
tubes from zero to infinity. 

The foregoing is applicable to completely bare tubes. Oc- 
casionally it is necessary to obtain F 4-values for bare tubes half 
recessed in refractory. It is necessary to solve for this sepa- 
rately using the method of Hottel as given in Fig. 4 of his first 
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paper,’ which will not be dealt with here. However, it is readily 
possible to draw up a curve similar to Fig. 2 for this special case. 

Fin tubes may be handled in the same way when recessed in 
refractory and when the fins do not overlap or touch each other 
as is sometimes the case. Here the edges of the fins are to be 
considered as the heat-absorbing surface extremities. If these 
fin tubes are located at a distance from a refractory wall, 
F:g. 2 would be used. The heat-transfer coefficient of the metal 
of the fins is assumed to be sufficiently great so that the fins ab- 
sorb as much heat per unit of exposed area as the tube wall does. 
This assumption is open to question but is adopted in view of 
the lack of data indicating otherwise. On this basis a fin tube 
has an effective diameter equal to the distance between the 
extreme edges of the fins. Where the tubes or fins touch each 
other, F, must equal unity as L/D in Fig. 2 will equal unity. 

For reasons similar to those stated for the fins of fin tubes, 
bolted-on or shrunk-on metal blocks with either plain or re- 
fractory faces have been assumed to have an effective area equal 
to the area of the face of the block. Where the blocks are 
adjacent to each other, F4 is equal to unity. The reduction in 
heat transfer caused by the joint between the block and the 
tube is taken into account in the F,-factor. 
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Fic. 2 or THE F4-Factor ror Bare TuBBs. THESE 
ror VALuEs or 7 WirHouT APPRECIABLE ERROR 
(Curve 1—total to two rows when two are present. Curve 2—total to 
one row when only one is present. Curve 3—total to first row when two 
are present. Curve 4—direct to first row. Curve 5—total to second row 
when two are present. Curve 6—direct to second row. R denotes re- 
fractory. P denotes radiating plane. When two rows are poecen’ they 
are spaced so that the tubes form equilateral triangles. The tubes are 
considered to be perfect absorbers. The curves give the fraction (FA) of 
total plane incident radiation absorbed either by the total tube, including 
reradiation, or by the tube directly, excluding reradiation by the refractory. 
For ordinary boiler-furnace calculations curve 2 only is used.) 


The factor F, is most simply defined as that factor by which 
it is necessary to multiply projected overall clean waterwall 
surface (including perfect conducting tubes and exposed re- 
fractory between the tubes) in order to obtain the effective 
exposed radiant surface. This effective surface is not appre- 
ciably different from the projected tube surface except where 
there are reradiating refractory walls in back of the waterwall 
tubes. 
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Conpovctivity Facror 


The conductivity factor Fg is introduced to take care of the 
heat resistivity of the wall. This factor is necessary because, 
although exposed areas of a bare metal block and a refractory- 
faced metal block may be equal, i.e., F4 is identical, these areas 
will absorb different amounts of heat by radiation from the fur- 
nace. Therefore, F¢ is a ratio between the actual heat conducted 
and the maximum amount of heat that could be conducted, other 
conditions remaining constant. 

E. G. Bailey *® has given some figures indicating that the com- 
parative heat-transfer rates of type-BAG refractory-faced blocks 
and type-C bare-faced blocks are 50,000 and 70,000 Btu per 
sq ft per hr. Thus Fg would be equal to 50,000/70,000 or 0.71. 
Other published material® and experimental data which cannot 
be included here would indicate that this value of the F,-factor 
is somewhat high. After careful consideration of the meager 
data available the values of Fg in Table 1 were adopted. 


TABLE 1 CONDUCTIVITY FACTORS 


Type of surface Fc 
Bare-faced metal blocks on tubes.................... 0.70 
Refractory-faced metal blocks on tubes, type-BAG.... 0.35 


Theoretically, F¢ varies with furnace temperature but this 
correction is omitted as the present knowledge of the effect of 
refractory on waterwalls is so scanty as to render small corrections 
unimportant. There is urgent need of laboratory experiments 
to establish the Fc-values more correctly than the approxima- 
tions given in this paper. 


Factor Fg 


The slag factor Fg is introduced to take care of the reduced 
heat absorption of waterwalls due to accumulated slag. It is 
similar to the conductivity factor in its variation with furnace 
temperature, but in view of the meager data this correction 
seems superfluous. When the boiler furnace is first operated, 
Fg is equal to unity, it being assumed that the surfaces are un- 
coated with slag. During the course of time slag will build up 
on the waterwall surface until a certain average equilibrium 
thickness is reached. Therefore, it is possible to compute by 
the use of Fs the difference in heat-absorbing capacity of a 
boiler furnace when initially started and when operated under 
known conditions of wall cleanness. 

The literature is almost devoid of data on this phase of the 
subject. Some information was obtained from two boiler tests? 
run under the direction of the A.S.M.E. Radiation Committee. 
In a stoker-fired boiler, in which the waterwall tubes comprise 
a separate screen boiler, records were available to show the 
amount by which the proportional evaporation of the screen 
boiler had been reduced from five days after initial operation up 
to 18 months after initial operation. While reliable records 
over such a period of time were not available for a pulverized- 
fuel-fired boiler having a similar separate screen boiler, a separate 
test was run on this boiler for which the slag was completely 
cleaned off of the side-wall tubes and the tubes wire-brushed to 
assure cleanness. Fig. 3 has been plotted from the results and 
is used to determine this slag factor. The derivation of 
these curves and the special case where bare tubes are located 
entirely in front of refractory are discussed in the Appendix to 
this paper. 


5 “Some Factors in Furnace Design for High Capacity,”’ by E. G. 
Bailey, Trans. A.S.M.E., vel. 49-50, 1927-1928, paper FSP-50-78, 
p. 253. 

¢“*Water-Cooled Furnaces for Underfeed Stokers,’’ by O. De 
Lorenzi, Combustion, vol. 3 (new notation), May, 1932, p. 15. 
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Emissivity Facror 


There are very few data upon which the value of the emissivity 
factor Fg may be based for conditions as they exist within 
furnaces. This factor, as used by some investigators, was not 
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Fic. DETERMINATIONS oF Factor Fg 


(For tubes half embedded in refractory, fin tubes, or waterwall block tubes, 
Fs =(1— 2F’s-1) where z = fraction of the front of the tube that is slagged.) 


clearly differentiated from the F4-, and F-factors, hence 
their data cannot be used. Wohlenberg has used a value of 
0.95. There is every reason to believe that this factor is not 
far from unity. 


FurNAcE Exit 


Any radiant-heat ray from the furnace toward the exposed 
bottom boiler tubes at the furnace exit must strike tube surface, 
hence F, will be unity. When these tubes are of the ordinary 
bare type, Fe is unity. The factor F; may also be taken as 
unity when the tubes are relatively free of slag. Under these 
conditions the effective radiant heating surface Ams of the 
furnace exit will be equal to the product of the width and length 
of the tube bank. ; 

In the special case of the double-ended boiler, it is obvious 
that the above will not hold. In this case it is suggested that the 
apex be considered nonexistent, that is, the area of the furnace 
exit be taken as the product of the length of the bottom side of 
the triangle of which the boiler tubes form two sides, and the 
width of the tube bank. The furnace volume used is then 
computed only up to this furnace exit. 


Torat Rerractory SURFACE IN THE FURNACE 


Having obtained the effective radiant heating surface Ars 
by use of Equation [1], there will be an equivalent summation 
of areas Are defined by 


The area Aret is not refractory surface in the ordinary sense, no 
effective radiant heating surface; but rather one which may be 


‘considered to be the surface equivalent of a summation of non- 


absorbing particles of refractory located among the waterwall 
tubes. 
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Here a new concept is offered. For calculation of the total TABLE 3 EMISSIVITY DATA 


exposed refractory surface in the furnace in order to determine i iii Se. ieee 
the fraction cold, it would appear reasonable to add this re- 


Grate é 250,000 Ib per hr rating 

fractory area to the pure refractory occurring in the furnace as of 
Top of furnace . Same at all loads 

sum of the areas of any purely refractory walls plus the value Middle furnace Increases with load 

(A ws Arts) 10 Middle furnace 7 Same at all loads 


Furnace 0.75 250,000 Ib per hr rating 
such. Thus, the total refractory area in a furnace will be the 
e Tturnace 1e oa 
Calculated. 


THE LAw AND FURNACE EMISSIVITY 


TABLE 3 CALCULATED EMISSIVITY OF PULVERIZED ILLI- 
It is known that radiation from an absolutely “black” body NOIS COAL BURNED IN SPECIAL EXPERIMENTAL FURNACE 


follows the Stefan-Boltzman law as shown in Fig. 1 which is Distance from burner, ft 
comparatively simple and, for a hot surface completely sur- 4 
rounded by a cold surface, is expressed by 


R = ECS((T,/100)* — (T./100)*} perature. Mathematically speaking, this is simply stating that 

the radiation of a body at a given temperature and given emis- 

where R = radiation, Btu per hr; C = black-body constant, ‘Sivity may be equal to that of the same body at a lower tem- 

0.1723 Btu per sq ft per hr per (deg F abs)‘; S = area of hot perature and higher emissivity. Therefore, it is believed that 

surface, sq ft; E = effective emissivity, 1.00 for both surfaces the emissivity based on furnace-exit temperature may not be 

black; 7; = temperature of hot surface, F abs; 7; = tempera- far from unity. 

ture of cold surface, F abs. In regard to this particular matter the experimental data is 

A furnace approximates these conditions only if the mass of | 20t conclusive. Table 2 gives some results of calculation based 

hot gases or flames acts like a black body. To exactly what 0 radiation pyrometer data taken in the course of the A.S.M.E. 
extent this is true is problematical. Small or microscopic black Radiation-Committee investigation.’ 

particles in the flame and the effect of reradiating refractory Table 3 contains some data given by Sherman.’ Koessler® 


walls will cause the effective emissivity E to approach unity. 7 “Burning Characteristics of Pulverized Coal and Radiation From 

For purposes of simplification of the problem of furnace-heat- —Ppeir Flames,”’ by R. A. Sherman, Combustion, vol. 5 (new notation), 
transfer calculation, T; of Equation [3] is taken equal to the December, 1933, p. 30. 

furnace-exit gas temperature rather than a possibly higher mean * “Messungen der Flammenstrahlung in Dampfkesselfeuerungen,”” 

radiating furnace temperature. The effective emissivity FE based  7¢#schrift der Bayerischens Revisions-Vereins, vol. 34, 1930; no. 6, 

te : : : March 31, pp. 75-78; no. 7, April 15, pp. 95-98; no. 10, May 31, 

on the furnace-exit temperature will be higher than the effective pp. 146-149; no. 12, June 30, pp. 175-178; no. 13, July 15, pp. 


emissivity E based on the higher mean radiating furnace tem- _184—187. 
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Fig. 6 CALCULATION OF uy BY MEANS OF THE METHOD ADVANCED IN THIS PAPER 
(Example for test No. 1 on boiler No. 1 given in the A.S.M.E. Radiation-Committee report.?) 


has also given considerable data on several different types of 
furnace in which the values of emissivity very often reach unity. 
It is not possible to give his data here. 


2—APPLICATION OF THE STEFAN-BOLTZMAN LAW TO 
FURNACE-HEAT-TRANSFER CALCULATIONS 


Utilizing the preceding information, a method was developed 
for the solution of the problem of furnace radiation on the basis 
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that each square foot of effective radiant heating surface will 
absorb heat according to the Stefan-Boltzman law using an 
emissivity of unity, and that the furnace-exit temperature may 
be used as the mean radiating furnace temperature. 

Fundamentally, the relation between the radiation to the 
furnace walls, furnace temperature, and heat in the gases leaving 
the furnace, is based upon a furnace heat balance which may be 
expressed by 


Qu + Qa = Qe + (er — Qg)............ [4] 


or 
Qu + Q, + Qe — Qer = Qp [5] 


where Q, = heat of preheated air, Qg = heat of gases at 80 F, 
Qcr = heat of gases at furnace temperature, Qp = heat radiated, 
Qu = low heat value of fuel. To make use of Equation [5], 
the effective radiant heating surface in the furnace must be 
determined according to the principles given in Part 1 of this 
paper. 

It will be observed that the principal differences between the 
proposed method and older schemes of applying the Stefan-Boltz- 
man law to furnace-heat-transfer calculations lie in the manner 
of evaluating effective radiant heating surfaces and in the use of 
an emissivity of unity. A third difference lies in the practical 
method of graphical calculation now to be explained. 

In Fig. 1 furnace temperature is plotted against heat received 
by radiation per square foot of effective radiant heating surface. 
It is desirable to introduce the combustion rate expressed as 


pounds of fuel burned per square foot of effective radiant heating 
surface. Now 


(Heat radiated per hr/rhs) heat radiated (6] 
(Lb fuel burned per hr/rhs) Ib of fuel burned * 
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By use of Fig. 1, Equation [6] and various values of pounds of 
fuel burned per square foot of effective radiant heating surface, 
the curves of Fig. 4 may be obtained. Since the effective radiant 
heating surfaces will absorb only a given amount of heat at any 
furnace temperature, this merely states that if the combustion 
rate is doubled only half as much heat can be absorbed per 
pound of fuel supplied. This will hold only if the furnace 
temperature remains the same. Actually the smaller quantity 
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of heat absorbed by radiation causes the furnace temperature 
to rise and hence more heat will be radiated until a balance is 
reached. 

To use Fig. 4 in calculations the procedure is as follows: Using 
a sensible-heat curve for the flue gases of the particular fuel, such 
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as Fig. 5, the furnace temperature is found on both Figs. 4 and 
5 such that the effective or low heat value per pound of wet fuel, 
plus the heat of preheat in the air, plus the heat in the gases of 
combustion at 80 F, all being the heat input per pound of wet 
fuel, minus the heat in the gases at the furnace temperature from 
Fig. 5, is equal to the heat radiated per pound of wet fuel in 
Fig. 4. 

In order to eliminate the time involved in a trial-and-error 
solution, Fig. 4 should be drawn on tracing paper. It can then 
be superimposed on Fig. 5 as shown in Fig. 6, the origin on the 
heat-radiated curve being placed on the heat-capacity-curve 
base line at a_value equal to the total heat input (using low 
heating value) to the furnace per pound of fuel as fired. At the 
intersection of the curve for per cent supplied air in the furnace 
and the curve for pounds of fuel per square foot of effective 
radiant heating surface, the furnace temperature, the heat in 
the gases at the furnace temperature, and the heat radiated 
may be obtained simultaneously. The value uz, is then a ratio 
of the heat radiated to the heat input per pound of wet fuel, the 
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subscript ( ), denoting that u has been based on the low heat 
of the fuel. 

Values of uw, using this method have been computed for the 
tests given on ten boiler furnaces in the A.S.M.E. Radiation- 
Committee report.2 These computed y,-values are compared 
with gas-temperature y«,-values determined in that report? in 
Figs. 7, 8, and 9. The boiler numbers correspond to the boiler 
numbers of the report.? 

It will be observed that results are satisfactory, for all types 
of fuels and firing, excepting the results for the stoker-fired 
furnaces which are high. 

An attempt was made to derive empirical correction factors 
Ky that would modify the results obtained by this method in 
order to bring them more in line with the observed A.S.M.E. 
Radiation-Committee data. The derived correction factors 
appear to be best embodied in the curves given in Figs. 10 and 
11. These are to be applied by multiplying the obtained u,- 
values by the correction factor Ky. The modified u,;-values thus 
obtained are compared in Figs. 12 and 13 with gas temperature 
uz,-values given in the A.S.M.E. Radiation-Committee report.? 
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It will be seen that the modified results represent the data 
rather closely considering the simple correction used. The 
multiplying correction factor is unity for oil and gas firing except 
for all-refractory furnaces, in which case the mean furnace 
temperature is probably somewhat higher than the furnace- 
exit temperature due to the lack of waterwall surfaces available 
for absorbing heat in the lower portion of the flame. For this 
same reason the correction factor for pulverized coal approaches 
unity for furnaces in which the waterwall surface is not a large 
fraction of the total surface. The correction factor for stoker 
firing depends upon fraction cold in very much the same manner 
as has been shown by Wohlenberg in his method. 

The new method given is not difficult. The greatest amount 
of time required in obtaining solutions by its use will be used in 
plotting a heat-capacity curve and in computing the effective 
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(Fraction cold y = effective radiant heating surface/total furnace surface 
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radiant heating surface. For extended use the former may be 
simplified by plotting heat-capacity curves for typical com- 
mercial fuels, which can also be used for boiler-design purposes. 
In routine work, a heat-capacity curve corresponding to the 
nearest fuel analysis may be used for calculations. There has 
been considerable agitation for a more rational method for 
evaluating effective radiant heating surface and it is possible 
that a method on the order of that which is given in this paper 
may be used in the future by boiler manufacturers to rate their 
product. 


ComPARISON WITH THE BrRoIDO AND ORROK METHODS 


It can be shown that the Broido and Orrok methods are 
derivable from the preceding method of calculation. Using 
the Stefan-Boltzman law curve of Fig. 1 and a heat-capacity 
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curve as in Fig. 5, other types of curves may be plotted. One 
type is shown in Fig. 14. This curve was obtained by assuming 
a furnace temperature from which the heat radiated per square 
foot of effective furnace surface was found in Fig. 1 and the 
value of uw, for a particular per cent air and heat input to the 
furnace per pound of fuel was found from Fig. 5. Dividing the 
heat radiated by uw, gives the heat liberated per square foot of 
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done for a number of values of furnace temperature and the 
results were plotted as in Fig. 14. Thus, this curve might have 
been used to determine yu, according to the new method derived. 
However, it was not used because it is not as flexible as the curves 
previously given which were plotted on a slightly different basis. 
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An interesting fact is revealed by this type of curve. If it 
is compared with Fig. 15, which is a plot of the Broido curve, 
it will be seen that the Broido curve might be derived from the 
curves in Fig. 14 assuming a certain relation between the per cent 
of theoretical air for combustion and the rate of driving. A 
similar comparison for Fig. 16, which is a plot of the Orrok 
equation, shows that the Orrok equation might be similarly 
derived by assuming a given heat value input per pound of fuel. 

Therefore, we might conclude that the Broido curve should 
be accurate for a furnace having a certain excess-air character- 
istic for various boiler loads and the Orrok equation is applicable 
to a fuel having a given heat value. 


AccURACY OF THE ProposED 


To the engineer who frequently has used empirical formulas 
for the calculation of furnace-heat transfer, the present attack 
based on the Stefan-Boltzman law may appear as a rational 
attack in that the empirical corrections, considering the diversity 
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in types of fuels and firing arrangements, are not great. From 
the strictly theoretical viewpoint of the physicist it will appear 
to a large extent empirical. Whether the method be considered 
to be based upon a firm theoretical foundation or upon an em- 
pirical basis it is submitted as being in agreement with such 
experimental data as is available, as having sufficient simplicity 
for use in practical calculations, and as showing clearly from the 
graphical standpoint the influence of various operating factors 
on the result desired. It is probable that the method will give 
an average furnace-exit temperature within 75 F. It should be 
noted however that the data by means of which the method 
advanced in this paper has been checked were taken almost 
entirely from large furnaces. Therefore, application to small 
furnaces must be made with caution. 


Srupy or THE Errect oF ComBusTION CoNDITIONS OF SUSPEN- 
SION ON FuRNACE-OUTLET TEMPERATURE 


A special study was made in order to determine the effect 
of fixed furnace characteristics such as fraction cold, furnace 
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volume, and furnace length, as well as such operating conditions 
as per cent air, temperature of preheated air, and energy-release 
rate. Using the method developed in this paper, the furnace- 
outlet temperature was computed for various arrangements 
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(Air = 120 per cent, air temperature = 80 F, furnace volume = 8000 cu ft, 
and furnace length = 20 ft.) 
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(Fraction cold = 0.50, air temperature = 80 F, furnace volume = 8000 cu ft, 
and furnace length = 20 ft.) 
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(Fraction cold = 0.50, air = 120 per cent, furnace volume = 8000 cu ft, 
and furnace length = 20 ft.) 
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(Fraction cold = 0.50, air = 120 cent, air tem ture = 80 F, furnace 
length = 10, 20. and 30 ft.) 


and conditions of the six variables mentioned previously. Three 
values were chosen for each variable as shown in Table 4. Frac- 
tion cold is defined as the effective radiant heating surface in 
the furnace divided by the area of the entire furnace envelope. 
The fuel chosen for these calculations was a representative 
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Eastern bituminous coal, the heat-capacity curve of which is 
shown in Fig. 5. 

All of the six groups of variables given in Table 4 were varied 
one at a time with respect to any other five held constant and 


TABLE 4 VALUES CHOSEN FOR SIX TORIABLES GOVERNING 
FURNACE-OUTLET TEMPERATUR 
Values chosen 

Variable Low Medium High 
2. Per cent combustion air. eye 100 120 140 
3 Temperature combustion air, 80 400 800 
4 Energy-release rate, Btu per hr..... 10000 25000 40000 
5 Furnace volume, cu ft............. 1000 8000 27000 
10, 20, or 302 80 200 


@ Minimum furnace length is based on volume taken as a cube. 


TABLE 5 UALITATIVE EFFECT OF VARYING COMBUSTION 
CONDITIONS ON FURNACE-OUTLET TEMPERATURES 


Effect on furnace- 


Increasing this factor outlet temperature 


2 Per cent combustion air. Decrease 
3 Temperature of combustion air........ Increase 
4 Energy-release rate............... of Increase 
Increase 
Decrease 


furnace-outlet temperatures calculated by the method de- 
veloped, except that the Ky correction factors were not applied. 
Therefore, the results, as far as the indication of absolute values 
is concerned, are slightly inaccurate, although the trends are 
correct. 

Part of the results are presented in Figs. 17 to 26. From the 
shape of the curves, it is possible to draw certain general con- 
clusions which are summarized in Table 5. These results agree 
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with those which would be expected from qualitative theoretical 
considerations. 


Appendix 


CALCULATION OF Factors ror Tuses sy USE 
oF EXPERIMENTAL DaTA 


From the A.S.M.E. Radiation-Committee report,? the test 
of boiler No. 1, which is a stoker-fired unit, makes available 
data on a separate screen or waterwall boiler composed of side- 
wall tubes and a slag screen at the furnace exit. Data for the 
evaporation of the screen boiler, compared to the total evapora- 
tion, for clean tubes and for slag-covered tubes after 18 months’ 
operation, are given in Table 6. The average per cent of slag 
on the furnace effective radiant-heating-surface area of 2027 
sq ft of this boiler has been computed to be 55 per cent. In 
addition there are 394 sq ft of radiant heating surface at the 
furnace exit. It is assumed that the furnace-exit surfaces 
evaporate the same quantity of steam after long operation as 


TABLE 6 EVAPORATION OF SCREEN BOILER NO. 1¢ 


Total boiler evap, Evap ratio, 
evap, 1000 r hr-———~ slagged to 
per hr Clean tubes tae tubes clean tubes 
120 67 0.865 
140 75 67 0.895 
180 93 84 0.903 
200 102 92 0.900 
240 120 108 0.900 
260 129 114 0.885 
300 147 124 0.845 


* Data taken from a test of boiler No. 1 as given in the A.S.M.E. Radiation- 


Committee report.? 
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they did at initial operation, that is, they do not accumulate 
slag, the slag being accumulated only on the side waterwalls. 
From this an equation may be set up in which z = the slag 


factor and E = the original screen-boiler evaporation. Then, 
for initial operation 

+ ORE)... (7] 
and for slagged operation 

394 + 20272 = [8] 


The value of 0.9 was taken as the approximate average reduction 
in evaporation of the screen boiler from Table 6. Solving the 
equation, z = 0.88. Thus, although the screen boiler evaporates 
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0.90 of its initial evaporation, because of the constant evapo- 
ration of the furnsce-exit surface the screen waterwalls only 
evaporate 0.88 of their initial evaporation. If the wall is 55 per 
cent slagged with slag estimated */, in. thick, it has a stoppage 
factor of 1.00 — 0.88 = 0.12. A wall 100 per cent slagged 
would have a factor of 0.12 (100/55) = 0.22. This value has 
been plotted as F’g-; in Fig. 3. It is realized that the above 
solution is not correct inasmuch as it does not take into account 
convection at the furnace exit. More involved calculations 
would not appear to be justified by the data. 

The second boiler from which tests are available in the A.S. 
M.E. Radiation-Committee report? is a pulverized-fuel-fired 
boiler with a bottom screen and side waterwalls on separate 
circulation. Here the effect of slagged waterwall tubes was 
obtained by comparing the evaporation of the screen or radiant 
boiler when slagged and when the side-wall tubes had been 


TABLE 7 EVAPORATION OF SCREEN BOILER NO. 2¢ 
Screen ae evap, 


Total boiler per Evap ratio, 

evap, 1000 Clean side of Slagged —ide of slagged to 

Ib per hr wall tubes wall tubes clean tubes 
150 72 64 0.890 
200 91 82.5 0.906 
250 107 0.906 
280 114 103.5 0.908 


® Data taken from a test of boiler No. 2 as given in the A.S.M.E. Radia- 
tion-Committee report.? 
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cleaned of slag and wire-brushed. Results are summarized in 
Table 7. 

Boiler No. 2 is different from the stoker-fired boiler No. 1 in 
that the horizontal tubes of the screen boiler were not appre- 
ciably slagged and were therefore not cleaned. Their evapora- 
tion should remain constant. 

It is estimated that in boiler No. 2 there were 340 sq ft of 
side-wall surface 30 per cent slagged with */,-in. thick slag. The 
horizontal bottom-screen tubes and the furnace exit together 
comprise 1083 sq ft of effective radiant heating surface. From 
Table 7, the heat transfer of the boiler was reduced 90.5 per cent 
because of the slag. For clean operation using the same method 
as for Equations [7] and [8] 


and for slagged operation 
1083 — 340z = {10} 


from which « = 0.60. 

Since this was for tubes 30 per cent slagged, tubes 100 per cent 
slagged would have a stoppage factor of (1.00-0.60) (100/30) = 
1.33 which of course is impossible as 1.00 would be the highest 
value. Due to lack of data the factor has been taken as equal 
to 1.0 and is plotted as F’g-,; in Fig. 3. 


CALCULATION OF SLAG Factors FOR SINGLE Row or TuBEs 
IN Front OF REFRACTORY 


The estimated per cent of slag is usually given as a percentage 
of the surface of the waterwall tubes on the furnace side. On 
this account a distinction must be made between tubes placed 
with the rear half imbedded in refractory and tubes placed en- 


0.5 


0.4 


0.1 z 
SN 
‘ >. L/D 
0.0 2 
1.0 3 1.0 
= 
0.9 0.9 


NN 


Read up fo Value of L/p then Norizonta 
to Fgo or F53 and Fg 


0.7 


06 0.6 

0.5 0.5 

Rear of Tubes Rear of Tubes Rear of Tubes 
Clean Same Slag as Completely 


Front 


Slagged 


Fic. 28 or SLAG Factors ror TuBEs IN FRONT OF 
REFRACTORY 


tirely in front of refractory. The first of these will be taken as 
the standard condition. The second case will necessarily be 
calculated somewhat differently, but will be related to the first 
ease. The second case may be divided into three additiona) 
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divisions. The first is when the front of the tube is slagged 
and the rear of the tube is clean. The second is when the whole 
circumference of the tube is uniformly slagged. The third occurs 
when the front is slagged and the rear is completely slagged up. 
These cases are illustrated in Fig. 27. 


TABLE 8 TABULATION OF RESULTS FROM HOTTEL’S CURVES 


eat direct to furnace side..... 0.66 0.47 0.37 0.25 0.08 
Total heat to one tube......... 0.68 0.54 0.45 0.35 0.18 
Diff. = heat to rear of tube.... 0.02 0.07 0.09 0.10 0.10 
Fraction to front of tube....... .97 0.87 0.80 0.72 0.64 
Fraction to rear of tube........ 0.03 0.13 0.20 0.28 0.36 


It is necessary to set up a proportion between the amount of 
heat received by the front of the tube and the amount of heat 
received by the back of the tube. This has been done by the 
use of Hottel’s curves of Fig. 2. The results are tabulated in 
Table 8. 

Let Fs = the true slag factor, F’s-, = the stoppage factor = 
(1.00 — slag factor), and z = the estimated fraction of front of 
tube slagged. 

Consider the specific case where L/D = 6. Using Table 8 
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for the values of the heat to the front and the rear of the tubes 
and Fig. 3 for F’s-; values, then for case 1 


Fs = 0.28 — 0.72(1.00 — zF’s-,)........... {11] 
and for case 2 

and for case 3 

Ps = 0.72(1.00 — [13] 


This last case assumes that no heat is transferred to the back of 
the tube when it is completely slagged. 

By letting 0.28 = Fs, and 0.72 = Fy; in case 1 and 0.72 = 
Fs: in case 3 a curve may be plotted to show the relation for 
various values of L/D as in Fig. 28. Equations [11], [12], and 
{13] then become 


Fs = Fg2(1 —2F's-1) or + Fs3(1 — zF’g -1) {14] 


which is the relation desired to define slag factors for tubes in 
front of refractory. The values for insertion in Equation [14] 
are obtained from Figs. 3 and 28. 
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Review of Methods of Computing Heat 
Absorption in Boiler Furnaces 


By W. ). WOHLENBERG,'! NEW HAVEN, CONN., anv H. F. MULLIKIN,? NEW YORK, N. Y. 


This paper contains results obtained by each of a number 
of methods of computing heat absorption in boiler fur- 
naces. These are compared with the results reported by 
the A.S.M.E. Committee on Absorption of Radiant Heat in 
Boiler Furnaces.’ Particular emphasis has been placed on 
the Broido, Orrok, and Wohlenberg methods. It is shown 
that the influence of various conditions as found by experi- 
ment are in substantial agreement with results expected 
from a theoretical consideration of the problem and those 
arrived at by certain well-known methods now in use. 


INTRODUCTION 


HE purpose of this paper is to endeavor to check, by such 

experimental data as may be available, the various for- 

mulas and methods for the calculation of boiler-furnace 
heat transfer as have been advanced by various investigators. 
It is not proposed to discuss either the derivation or the methods 
themselves to any extent as the original articles may be readily 
inspected. 

These methods have never been checked quantitatively, 
with the exception of a few limited calculations on individual 
furnaces, principally because of the lack of experimental data 
which could be used for that purpose. 

The report of the A.S.M.E. Committee on Radiation in Boiler 
Furnaces entitled “An Experimental Investigation of Heat Ab- 
sorption in Boiler Furnaces,”* and hereafter referred to in this 
paper as the Radiation-Committee Report, furnished such data 
based on various sizes and types of furnaces fired in different 
manners. This report also has a bibliography which contains 
the titles and locations of the different papers describing the 


! Professor of Mechanical Engineering, Sheffield Scientific School, 
Yale University. Mem. A.S.M.E. Professor Wohlenberg received 
the degree of B.Sc. in mechanical engineering from the University 
of Nebraska in 1910, and the degree of M.S. from the University of 
Illinois in 1916. From 1910 to 1918 he served in the engineering de- 


partment of the Westinghouse Machine Company as Research Fellow 


at the University of Illinois, and on the engineering faculties of the 
Universities of Oklahoma and Montana. He has been a member of 
the engineering faculty of Yale University, and engaged in consulting 
work in the field of power and steam generation, since 1918. He is 
the author of numerous papers dealing with power generation and 
in particular with radiation in furnaces. 

? Research Fellow, Superheater Company-Yale University Fellow- 
ship. Jun. Member A.S.M.E. Dr. Mullikin is a graduate of Balti- 
more Polytechnic Institute and Johns Hopkins University, and the 
recipient of graduate degrees, including Ph.D. from Yale. He spent a 
year in the test department on boiler development at the General 
Electric Company. 

’““An Experimental Investigation of Heat Absorption in Boiler 
Furnaces,” by W. J. Wohlenberg, W. H. Armacost, C. W. Gordon, 
and H. F, Mullikin, Trans. A.S.M.E., vol. 57, paper RP-57-4. 

Contributed by the Special Research Committee on Absorption of 
Radiant Heat in Boiler Furnaces for presentation at the Annual 
Meeting, December 2 to 6, 1935, of THe AMERICAN SocrETY oF 
MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


various methods of calculation to be utilized in this paper, as well 
as a short discussion of each. 

The form in which the original investigators have stated their 
results has in some cases required revision in order to enable 
comparisons to be made in a reasonable amount of time, such 
revision generally consisting of putting formulas in chart form. 
These revisions are described, in the first part of this paper, after 
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which the calculations made on the basis of the experimental data 
are considered. 

Five methods of calculation have been investigated. These 
are (a) actual measurement (7, 12, 22);* (b) Broido method (7); 
(c) Orrok formula (20); (d) Wohlenberg method (1, 2, 3, 4, 5); 
and (e) Stefan-Boltzman law method. Method (e), for reasons 
stated later, is not included in the present paper. 


Browo MEtHop 


Broido (7) has given a curve which represents the first. im- 
portant contribution to the subject. This curve, given in Fig. 1, 


4 Numbers in parentheses correspond to similarly numbered refer- 
ences given in the bibliography of the A.S.M.E. Radiation-Committee 
report ‘Experimental Investigation of Heat Absorption in Boiler Fur- 
naces.’’? 
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shows the relation between « and heat input to the furnace per 
square foot of exposed projected radiant surface, where yu is de- 
fined as the ratio of heat given up from the furnace gases by 
radiation to the heat input to the furnace. 


OrrOoK FORMULA 


Orrok has given the following empirical formula derived from 
Hudson (39) 
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where » = the fraction of liberated energy given up by gases in the 
furnace, A = lb of air per lb of fuel, and Cz = lb of fuel per sq ft 
of projected radiant heating surface. Fig. 2 shows Equation [1] 
plotted in the form of a series of curves for ready use. The Wil- 
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TABLE 1 CONDITIONS OF BASE SOLUTION FOR WOHLEN- 
BERG CURVES 


Furnace volume...... 8,000 cu ft 


2 Release rate......... 25,000 Btu per cu ft for pulverized-coal firing 
40,000 Btu per cu ft for stoker firing 
0 eee 120 per cent for pulverized-coai firing 
. 140 per cent for stoker firing 
4 Fraction cold*....... unity 
75 per cent through 200 mesh 


® Fraction cold is defined as the effective exposed radiant heating surface 
in the furnace divided by the total exposed furnace surface (exclusive of the 
grate in stoker firing). 


son, Lobo, and Hottel modification (45) is apparently not valid 
for the furnaces of steam boilers. 
WoxHLENBERG METHOD 


This is an extensive theoretical attack based upon the use of 
various physical constants rather than an empirical solution as 
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given in the two previous methods. The method is quite com- 
plex in that it attempts to evaluate, as far as possible, all the fac- 
tors that enter into furnace design, in contrast to the simplicity of 
the empirical attacks which depend upon one or two variables. 
In applying this method use is made of a furnace heat balance 
and values of « for various given conditions of furnace volume, 
energy-release rate, etc., which are given in several of the papers 
previously presented on this method. 

It is possible, by use of this material to arrive at results by 

interpolation. For convenience in calculation, however, these 
data, together with some additional information, have been 
graphically restated in the present article in such a form as to 
enable a more rapid solution of the problem. 
’ After trying several schemes of presentation it was decided to 
take as a base, the results for a furnace whose physical operating 
conditions were about in the middle of the range of physical char- 
acteristics selected for solution in the original papers. These 
conditions are given in Table 1. 

Since the original publication of the Wohlenberg method, 
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better physical data have become available, especially in regard to 
the Stefan-Boltzman and gas-radiation coefficients. Thus, a 
Stefan-Boltzman coefficient of a = 0.1723 Btu per sq ft per hr per 
(deg F abs)‘ (6), and the radiation values of Schmidt are to be 
preferred. 

The values of u for the base furnace are henceforth designated 
as the F-factors. Under conditions of the base furnace defined 
in Table 1, the F-factors (u-values) may be calculated using the 


TABLE 2 VALUE OF F-FACTOR 


Firing -——Method of calculation——.  Coef ratio 

method With old coef With new coef new/old 
Pulverized 0.418 0.452 1.08 
Stoker 0.258 0.311 1.20 


old coefficients as given in the original papers (1, 2, 3, 4, 5) and 
also using the new coefficients mentioned in this paper. A com- 
parison of results is shown in Table 2. It will be noted that the 
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values of the new coefficients are as much as 20 per cent greater 
than the old coefficients. The old values are valuable as a basis 
of comparison but the new F-factors should be used in computa- 
tions. 

Returning for the moment to the data tabulated by Wohlenberg 
and Lindseth (2) for pulverized coal, each of the factors of Table 1 
was varied separately and the resultant ratios of the u-values, 
termed K-factors, were plotted as shown in Figs. 3 to 7, inclusive. 
In order to obtain results within the desired degree of error, 
it was necessary to modify the curves somewhat as may be noted 
in the figures. The method of introducing this modification was 
determined by trial and error. 

Using the curves obtained for the pulverized-coal furnace, a 
ratio was obtained, as shown in Figs. 8 and 9, between the results 
for pulverized-coal firing and for stoker firing. 

The effect of preheated air was next noted in Fig. 10, where 
C is an additive increase in the value of u. 


°“Messung der Gessamtstrahlung des Wasserdampfes bei Tem- 
peraturen bis 1000 deg C,’’ by E. Schmidt, Foschung auf dem 
Gebiete des Ingenieurwesens, vol. 3, 1932, p. 57. 
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Using some calculations made by the 1931 graduate power 
class at Yale University, the curve of Fig. 11 showing the effects 
of variation of particle size has been computed. 
The curves give multiplying or additive correction factors to 
apply to the F-factor (u-value) for the base or standard furnace. 
The procedure may be embodied in the equation 


= F + C................. {2] 
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where F = 0.452 for pulverized-fuel firing and 0.311 for stoker 
firing. The K- and C-values are obtained from Figs. 3 to 11, in- 
clusive, for the given conditions. 

Thus, these figures give a series of correction curves for pul- 
verized-coal and stoker furnaces which serve to determine u for 
any condition of: (a) furnace volume, (6) heat-liberation rate, 
(c) amount of water-cooled surface in the furnace, (d) per cent air 
used for combustion, (e) heat value of fuel, (f) temperature of 
preheated air, and (g) coal fineness through 200 mesh. 

One of the present authors has made a sample calculation (7), 
given in Table 3, for the value of uw for a gas-fired furnace as 
compared with pulverized-coal-fired and stoker-fired furnaces. 

It will be seen that, according to the Wohlenberg method, u 
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is much less for gas firing than for either stoker or pulverized- 
coal firing. As will be later shown, the experimental data at hand 
would seem to indicate otherwise. This results in the conclusion 
that the Wohlenberg method in its present form and as applied 
does not hold for gas or oil firing. 

Equation [2] thus developed may be solved for any pulverized- 
coal or stoker furnace within 2 or 3 minutes, the only work in- 
volved being the selection of the appropriate K- and C-factors 
from Figs. 3 to 11, inclusive, and a simple slide-rule multiplication. 
From the value of » obtained, the temperature of the flue gases 
leaving the furnace may be found by means of heat-capacity 
curves. These heat-capacity curves, Fig. 12, show the relation 
between the sensible heat of a given quantity of gas and its tem- 
perature and may be found by conventional combustion calcula- 
tions using the ultimate analysis of the fuel. 

The curves just developed will check values obtained by using 
the somewhat lengthy Wohlenberg equations within a maximum 
error of about +0.03 in the value of u. An advantage of the 
curves given in this manner is that they show clearly the effect of 
variation of any one of the factors. 


Heat RELEASE 


Before discussing additional possible methods of calculation, 
it will be desirable to examine the experimental data given by 
the A.S.M.E. Radiation-Committee report? in connection with 
the Broido, Orrok, and Wohlenberg methods. In making such 
an examination, it is necessary to consider two quantities which 
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TABLE 3 COMPARISON OF y» FOR DIFFERENT FIRING 
METHODS AS COMPUTED BY THE WOHLENBERG METHOD 


Firing Air, Furnace 

meth per cent temp, i" 
Pulv. coal 120 2230 0.40 
Stoker 120 2386 0.36 
Gas 120 2720 0.25 


enter into the combustion process, namely, heat released in the 
furnace and the radiant heating surface in the furnace. There 
has been considerable diversity in the method of calculating 
these items in the literature. 

In regard to the heat liberated in the furnace, some of the at- 
tacks on the problem have used an energy-release rate based on 
the calorific or high heat value of the fuel plus any sensible heat 
in the combustion air due to preheating. 

From a theoretical point of view this is not thoroughly logical in 
that the latent heat required to vaporize the moisture due to hydro- 
gen and water in the fuel is invaluable for raising the tempera- 
ture of the gases or for radiation. In other words, instead of the 
high heat value, the low heat value should be used as in European 
practice, even though it may be somewhat indeterminate. © 

Thus, as far as furnace radiation is concerned, the low or net 
heat value should be used in calculations to determine the heat 
released per cubic foot of furnace volume, the heat released per 
pound of fuel supplied, and the value of u. 
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Various investigators have used the high or low heat value 
of the fuel rather indiscriminately. The Wohlenberg method 
made use of the high value and the Orrok method has made 
use of the low value although Orrok has compared his y-values 
directly with values given in the Wohlenberg papers, thereby 
introducing confusion. Broido’s procedure is not clear. The 
A.S.M.E. Radiation-Committee Report* gives experimental 
values of 1 computed on both the high- and low-heat-value basis. 

The heat supplied per pound of fuel fired should take into 
account incomplete combustion in any form. 

In order to relate the various furnace-heat-transfer methods to 
each other, they have been reduced to a determination of u, from 
which the furnace-exit temperature may be found through the use 
of heat-capacity curves. This « in the case of the Wohlenberg 
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method has been based on the high heat value of the fuel, de- 
noted as uy, hence the comparison with the experimental data 
will be made on this basis. The Orrok and Broido methods will 
be compared by a uw based on the low heat value of the fuel, 
denoted as u,. The » values calculated in either manner do not 
differ greatly, the maximum differences occurring, of course, for 
natural-gas firing. 

Since the degree of completion of combustion in the various 
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furnaces listed in the A.S.M.E. Radiation-Committee report* is 
not accurately known, it has seemed advisable to compare u- 
values, computed by the various methods, on the basis of com- 
plete combustion. The gas-temperature u-values of the re- 
port® were likewise computed on this basis and therefore the 
error in making this comparison should not be large. 


ErrectivE Furnace Rapiant HEATING SURFACE 
The radiant heating surfaces in the furnace are those portions 


of the waterwalls and lower surface of the tubes of the boiler 
proper which “‘see” the gases in the furnace. Considerable differ- 
ence of opinion exists on the exact method of evaluating this 
surface, due to different arrangements of bare tubes in front of 
refractory, bare tubes recessed in refractory, fin tubes, cast-iron 
or steel block covered tubes, and refractory-faced block-covered 
tubes. 

For bare tubes the projected surface, that is, the diameter 
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times the length is often taken. Many use the surface based on 
half the circumference, the surface based on the whole circum- 
ference, and other possible combinations. In comparing or 
using any method, the manner of measuring the surface must be 
noted. 

Obviously, the effective radiant heating surface should have a 
value independent of any method that may be used for the cal- 
culation of heat absorption. It is usually thought of as the 
equivalent plane surface which absorbs the same amount of heat 
as the cold surface or waterwall under consideration. 

Most of the methods have given the procedure for the calcula- 
tion of heat absorption, that is, the u-value, without stating 
how to reduce the furnace walls actually found in practice to 
this plane-surface base. 

In order to establish the values of the effective furnace radiant 
heating surfaces of the different boilers tested, usually denoted 
by rhs, it was necessary to decide upon a procedure which would 
be applicable to all types of furnace surfaces such as bare block, 
refractory-faced block, bare tube, and fin tube. This meant that 
certain assumptions had to be made, based upon such scanty 
information as could be discovered concerning the relative heat- 
absorbing capacities of such surfaces as refractory-faced blocks 
and fin tubes. 

It is appreciated that a procedure so selected may not 
be acceptable to the proposers of the various formulas and 
methods, on the ground that they either recommend other pro- 
cedures or had other procedures in mind when presenting their 
method. 

However, the impracticability of calculating different effective 
radiant heating surfaces for each of the various furnaces is ob- 
vious and the results given in this paper must be accepted with 
this in mind. 

For the purpose of this paper, the radiant heating surface has 
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TABLE 4 DETERMINATION OF FURNACE EFFECTIVE RADIANT HEATING SURFACES? 


1 2 3 4 5 6 8 9 10 ll 12 13 
2 Total refractory surface................. 100 2985 3439 900 3861136 142 1503 1224 180 184 2071 10.8 1940 
Refractory-faced waterwall block: 
8 Additional refractory surface............ 436 110 295 Bs 
Bare-faced waterwall block: 
9 Overall surface, front and rear........... 278 166 7 
10 FA 1.00 1.00 
11 0.70 0.70 
14 Additional refractory surface............ 118 ve 54 252 
20 Additional refractory surface............ 164 86 2 0 
Bare-tube waterwall: 
26 Additional refractory surface............ 64 29 
27 Overall surfaces, sides............... ve 580 454 - 360 898 574 660 
31 Effective surface.............. 342 214 238 754 552 was 392 
32 Additional refractory surface... 238 240 122 144 22 268 
33 Overall surface, rear......... 384 364 294 333 
34 Cy 0.93 1.00 1.00 0.76 
35 1 1.00 1.00 1.00 
36 Fs 0.89 1.00 0.84 0.96 0.96 
38 Additional refractory surface............ 155 26 47 13 61 
39 Overall surface, bottom................. 860 860 57 945 314 700 
44 Additional refractory surface............ 215 215 0 275 85 245 
Fin-tube waterwall: 
45 + Pree surface, front and rear........... 355 792 1618 hes 
Additional refractory surface............ 0 0 680 a 
51 800 800 2894 1060 
56 Additional refractory surface............ 0 0 234 44 
Furnace exit: 
57 Overall effective surface................. 394 438 438 364 408 360 357 475 555 432 360 es 330 
Summation: 
58 Total 1211 3440 3654 1048 1332 6921503 1224 «3241625 2217 { 19-8} 2407 
59 Total effective waterwall surface........ 1629 1297 1083 2095 603 1883 357 2067 1979 5154 756 {125-51 
60 Total furnace surface, excluding grate.... 2840 4737 4737 3143 1940 2575 1860 3291 2303 6779 2973 136.3 4630 
61 Fraction cold (item 59/item 60)......... 0.57 0.27 0.23 0.67 0.31 0.73 0.19 0.63 0.86 0.76 0.25 { 8-92) 0.47 
62 Effective surface, screen boiler........... 


@ All surfaces are given in square feet. 

+ Boiler numbers 1 to 10, inclusive, are the same as listed in the Report of the Committee on Absorption of Radiant Heat in Boiler Furnaces, ‘‘An Ex- 
of Heat Absorption in Boiler Furnaces.” 

¢ Data for boilers 11, 12, and 13 are taken from the one il 

Fx taken to 1.00. 


been computed on the basis given in an article by one of the pres- A = the total overall plane area of the wall in question, regard- 

ent authors. ® less of the tube spacing, whether bare or block covered, etc.; 

This procedure makes use of the formula F, = an area factor to reduce overall surface to equivalent efiec- 

Am. =< AF.F-FeF [3] tive radiant heating surface, assuming all surfaces clean and of 

perfect conductivity; Fg = a conductivity factor to take into ac- 

where Aris = equivalent effective plane radiant heating surface; -—_ ms heat ee of various types of block-covered 

; Fs =a actor to account for reduction in heat trans- 

tion of the Stefan-Boltaman Law to Heat Absorption in Boiler Fur. ft caused by slag coatings; and Fy = an emissivity factor. — 

naces,” by H. F. Mullikin, Trans. A.S.M.E., vol. 67, 1935, The value of the factors for use in Equation [3] under various 

RP-57-2. conditions are given by H. F. Mullikin* and not repeated here. 
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TABLE 5 DETERMINATION OF #-VALUES BY DIFFERENT METHODS 
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Equation [3] has been used, as shown in Table 4, to determine 
the effective radiant heating surface of the boilers enumerated in 
the A.S.M.E. Radiation-Committee report.? It was deemed 
best to take F, equal to unity at the time the calculations were 
made although a value of 0.95 would perhaps have been prefer- 
able. 

Data taken from the literature for three additional boiler tests 
is also included. 


CHECK OF EXPERIMENTAL Data BY WATERWALL EvaPporRATION 


Ordinarily the check of experimental data by waterwall 
evaporation is accomplished by segregation of a part of the 
furnace waterwalls or, as in the case of the first three units 
tested in the A.S.M.E. Radiation-Committee report,’ by con- 
structing the waterwalls so as to have their own feed and steam 
drum, thus acting as a separate steam-generating unit. Some 
of the boilers of the Ford Motor Company at Fordson, Mich., 
are also constructed in this manner. There are several difficul- 
ties encountered in the use of this method. 

In the first place, results will depend upon the estimated rela- 
tive heat-absorption rates at different kinds of surfaces. These 
rates are needed to determine the values of the effective radiant 
heating surfaces. Two such values are involved. The first 
is the total effective radiant heating surface in the furnace 
and the second is that part of the surface for which the absorption 
was measured. The ratio of the tirst surface te the second is a 
factor used in the calculation. 

In the second place, certain boilers, as in the case of the first 
unit of the A.S.M.E. Radiation-Committee report,’ are con- 
structed so that the furnace-exit slag screen is part of the water- 
wall boiler. Under these conditions some heat will be trans- 
ferred by convection through this slag screen into this waterwall 
boiler. 

It is difficult to allow for this heat transfer. In addition, some 
radiant heat will pass between these slag-screen tubes, be ab- 
sorbed. by the boiler tubes proper and not be measured. In the 
calculation given in the present paper, these last two quantities of 
heat have been assumed equal, a very rough approximation. 


TABLE6 DETERMINATION OF ut BY HEAT ABSORPTION 
OF PART OF FURNACE WALLS 


1 3 5 39 40 41 
Heat to 
Heat ab- furnace based 
Firing sorbed by based on on screen 

Name of and Fraction Boiler screen screen boiler 

boiler fuel cold evap. boiler __ boiler evap 

-——10* Btu per br— 
Cahokia Pulv. coal 0.25 90 29.4 56.2 0.59 
Cahokia Pulv. coal 0.25 120 29.4 56.2 0.43 
Cahokia Pulv. coal 0.25 144 44.0 84.0 0.52 
-—1000 keal per hr-——. 

Sweden Oil 0.92 727 727 727. 0.68 
Sweden Oil 0.92 1257 1257 1257 0.66 
Sweden Oil 0.71 1036 1036 1 0 61 

Sweden Pulv. coal 0.71 711 711 711 0.57 
Sweden Pulv. peat 0.92 713 713 713 0.61 
Sweden Wood pulp 0.92 446 446 446 .51 

1000 Ib Boiler 
perhr evap, per cent 

Fordson Pulv. coal 0.47 150 33 49 0.40 
Fordson Pulv. coal 0.47 300 22 33 0.27 
Fordson Pulv. coal 0.47 450 18 27 0.21 


TABLE7 INDICATED CALCULATIONS FOR ITEMS IN 
TABLE 54 


Item 39..........[(heat of steam) — (heat of feedwater)] X item 6 
Item 40......_....[(rhs® in furnace)/(rhs in screen boiler)] X item 39 
Item 41.......... (item 40 X item 25)/(ite.a 33 X item 26 

Item 42......... .item 33/rhs 

eS eee. Fig. 1 using item 42 

calculated using item 20 

Item 45......... .item 42/item 25 

Fig. 2 using items 44 and 45 

and Figs. 3 to 11, inclusive. 


* Items previous to item 39 will be found in Table 3 of the an ag A “An 
aaa Investigation of Heat Absorption in Boiler Furnaces 
ffective furnace radiant heating surface. 


The plane of the furnace exit (side of boiler tubes adjacent to 
furnace) is always an effective exposed furnace surface which 
cannot be segregated for radiant-heat measurement without in- 
ducing the problem of convection-heat transfer. 

With this in mind, calculations have been made for six boiler 
furnaces for which test data are available to show the heat ab- 
sorbed by a portion of the furnace surfaces. Three of these units 
are boilers Nos. 1, 2, and 3 of the A.S.M.E. Radiation-Committee 
report® for which the computations are given as items 39, 40 and 
41 of Table 5 and indicated in Table 7. Table 5 is, in effect, a 
continuation of Table 3 of the A.S.M.E. Radiation-Committee 
report.* Tests were also available from the literature on boilers 
for which the construction data of the furnaces are given in 
Table 4. In this table, boiler No. 11 is a unit at Cahokia Sta- 
tion, St. Louis, Mo. (27); boiler No. 12 is a special test boiler 
at the Tekniska Hogskolan, Stockholm, Sweden (15, 16); and 
boiler No. 13 is a Fordson, Mich., unit (10, 19). The u-deter- 
minations, based on segregated furnace-wall surfaces for boilers 
Nos. 11, 12, and 13 are given in Table 6. The full calculations 
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WaATERWALL EVAPORATION 


have been omitted to save space. The u-values calculated in 
this manner for boilers Nos. 11, 12, and 13 are compared in Fig. 13 
with the values as determined by furnace-exit temperature in 
the A.S.M.E. Radiation-Committee report’ for boilers Nos. 1, 2, 
and 3. Reliable u-values were not available for the units taken 
from the literature. The results check approximately. The u- 
values, calculated by means of the waterwall-boiler evapora- 
tion, are seen to vary somewhat with the flame length, as effected 
by changes in the primary and tertiary air pressures. Long 
flames produce a greater heat absorption in the screen boiler 
than short flames. This causes a variation in the resulting u- 
determination. 

The gas-temperature y-values do not exhibit as much varia- 
tion. It is evident that the increased heat transfer of the surfaces 
of the waterwall boiler in the case of the long flame would have to 
be compensated for by decreased heat absorption in the fur- 
nace-exit surfaces in order that the gas-temperature u-values 
might remain nearly constant. 

The foregoing appears logical since long flames occupy more 
of the bottom portion of the furnace, thus causing increased radia- 
tion to the bottom tubes and decreased radiation to the top of 
the furnace. They also cause considerable convection-heat trans- 
fer to the bottom screen-boiler tubes. 
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Fic. 16 Comparison oF Resvutts sy Brorpo MerHop For 
Boruers Nos. 4, 7, AND 8? 


It is interesting to note that the values of u check as closely 
as they do, but since the method employing the evaporation of 
the waterwall boiler is limited to special cases, and the gas-tem- 
perature u-values determined by the method of furnace heat 
balance are more accurate, those determined by the evaporation 
method appear to be of no particular importance. 


Cueck or Broiwo, OrRoK, AND WOHLENBERG METHODS 


In Table 5 are given calculations for the tests on the units for 
which data is given in the A.S.M.E. Radiation-Committee re- 
port.? Item 43 in the table gives the u-values obtained by the 
Broido method, item 46 the u-values obtained by the Orrok 
method, and item 47 the u-values obtained by the Wohlenberg 
method. 

The results obtained by these three methods are compared 
in Figs. 14 to 21, inclusive, to the gas-temperature u-values as 
given by A.S.M.E. Radiation-Committee report.* The line 
marked ‘check line’’ in these figures shows where the points lie if 
the two values check each other. The boiler numbers given in the 
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various charts and tables correspond with those of the A.S.M.E. 
Radiation-Committee report.* 

It should be again emphasized that in any usage of the Wohlen- 
berg, Broido, or Orrok formulas, the results are dependent on the 
method of calculating the effective furnace radiant heating sur- 
face and that the surface calculated in a manner different from 
that used in this paper would yield different results. 

It will be noted that the Broido determinations are surprisingly 
close considering the fact that only a single curve is used in the 
method. 

The Orrok results are fairly representative except for the 
natural-gas tests for which the formula yields rather high values. 
The Orrok formula was probably not intended for natural-gas 
fuels. Further comment on these findings does not seem neces- 
sary, as the relative value of the methods, for the units for which 
tests are available, is quite apparent from the curves. 

In view of the foregoing results it appears on the surface as 
though the values for gas radiation given by Schack (59) and 
used in the Wohlenberg method are somewhat low. 
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This apparent discrepancy may, however, be due to the funda- 
mental assumption of the Wohlenberg method that the furnace- 
exit-gas temperature is also equal to the mean radiating furnace 
temperature. 

The so-called straight Stefan-Boltzman law method has had so 
many different values given for the constants therein contained, 
and is in such a crude form as ordinarily used, that no determina- 
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tions have been made by this method for presentation in this re- 
port. While the Stefan-Boltzman law is used in the Wohlenberg 
derivation, it is only one of the factors used to obtain a solution, 
and therefore the method is not classified under the foregoing 
heading. An attack using the Stefan-Boltzman law is included 
in a paper by one of the present authors.* 
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An Experimental Investigation of Heat 


Absorption in Boiler Furnaces 


By W. J. WOHLENBERG,' NEW HAVEN, CONN., H. F. MULLIKIN,? NEW YORK, N. Y., 
W. H. ARMACOST,! NEW YORK, N. Y., anp C. W. GORDON,? CHICAGO, ILL. 


This paper is a report of the A.S.M.E. Committee on 
Absorption of Radiant Heat in Boiler Furnaces and in- 
cludes test data obtained on ten boilers in different power 
plants in the United States. It involves stoker-fired, pul- 
verized-fuel, and oil- and gas-fired units with various com- 
binations of refractory and water-cooled furnaces. The 
data include furnace-exit gas temperatures as measured 
by means of the high-velocity thermocouple. These 
temperatures are used to determine the fraction of heat 
input to the furnace that was absorbed in its walls. 


T THE time the committee‘ submitting this report was 
A formed it was suggested that radiation tests on large 
commercial boiler furnaces be made to supplement work 
of a more fundamental nature which was being conducted by 
various agencies. As a result a fellowship, sponsored by the 
Superheater Company, was established under the joint direction 
of Professor Wohlenberg of Yale University and Messrs. R. M. 
Gates, R. M. Osterman, and C. W. Gordon to study the problem 
and make such tests as might be necessary to put the subject on 
a more practical basis. H. F. Mullikin was appointed research 
fellow under this arrangement and had charge of the tests.5 
These tests were made on ten boilers in different power plants in 
the United States and involve stoker, pulverized-fuel, oil, and gas 
firing with various combinations of refractory and water-cooled 
furnaces. 

Before describing these tests in detail, it seems advisable to 
discuss briefly the more important papers which have appeared on 
the subject. It is not proposed to outline in detail the previous 
material printed on this subject but merely to refer to the works 
of past authors. 

Since the general adoption of the waterwall furnace for large 
steam-generating units beginning about 1924, many articles have 
been written offering various methods of obtaining a solution to 
the furnace heat-transfer problem. The majority of these have 
been technical, and are based on physical constants and laws, and 
on observed general conditions in furnaces. Several have been 
based on empirical test data. 

The principal objection to any type of solution based on theory 


Mem. A.S.M.E. 

2 Jun. A.S.M.E. 

8’ Assoc-Mem. A.S.M.E. 

4 The Committee on Absorption of Radiant Heat in Boiler Fur- 
naces consists of W. J. Wohlenberg, Chairman, E. G. Bailey, R. M. 
Gates, C. W. Gordon, E. L. Lindseth, Geo. A. Orrok, R. J. 8S. Pigott, 
and John Van Brunt. 

5 This report abstracts in part a dissertation presented by Mr. 
Mullikin for the degree of Doctor of Philosophy at Yale University. 

Contributed by the Special Research Committee on Absorption of 
Radiant Heat in Boiler Furnaces for presentation at the Annual 
Meeting December 2 to 6, 1935, of THe AmeERICAN SOCIETY OF 
MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


is that it is difficult to take into account a large number of design 
variables such as type of fuel; fineness of fuel; location and type 
of burners; location, type and surface of waterwalls and exposed 
boiler tubes; volume and shape of furnace; combustion charac- 
teristics of different fuels or of the same fuel under slightly differ- 
ent conditions; and such operating factors as slag on surfaces, 
flame length, draft, flame impingement, flame volume, excess air, 
method of air supply, and temperature of air. 

Because of the difficulties involved in making heat-transfer 
tests, very few of them have been made, and it is upon the data 
from this insufficient number of tests that most empirical methods 
for solving heat-transfer problems are based. Therefore, it is 
questionable as to what extent these results can be applied. The 
empirical formulas generally neglect most of the factors and de- 
pend only upon one or two of the principal variables. Very 
few of the methods have not been checked by any one other than 
the original investigator. 

With these facts in mind, attention is called in the bibliography 
to some of the more notable attacks on the problem. The list is 
not claimed to be complete but it is believed that most of the 
methods yielding fairly reasonable quantitative results are in- 
cluded. 

In 1925 Broido (7)* presented a paper giving an excellent gen- 
eral discussion of the problem with a single curve to summarize 
several tests. Wohlenberg and various associates have presented 
numerous papers (1, 2, 3, 4, 5) containing an attack on the 
problem from a fundamental theoretical basis. Modified forms 
of this method, some of which are better adapted to practical 
application, are given by Haslam and Hottel (13, 60), and Miin- 
zinger (21, 41, 55). Even so, it is difficult to evaluate certain 
practical conditions in the process of solution. Orrok (20) has 
presented a formula empirically derived from Hudson (39). 
Wilson, Lobo, and Hottel (45) have adapted the Orrok equation in 
oil-still design. In most of these methods the Stefan-Boltzman 
law has been adapted. 

Others making use of the Stefan-Boltzman law are: Schack 
(6, 59), Roszak and Veron (23), Gerbel (40), Ritchie (42), Forss- 
blad (9), Seibert (48), and Miiller (46). Rosin and Fehling (47) 
have developed theoretical equations to give maximum furnace 
heat liberation rates. DeBaufre (17) has reported tests on sev- 
eral units and has used a furnace heat balance to correlate his 
results. Kuhn (14) and Friedrich (54) have reported tests similar 
to those of DeBaufre. 

A large number of tests have been run on boiler furnaces in 
which one or more tubes were isolated and the actual heat ab- 
sorbed was measured by water circulated through the tubes. 
Results have in most cases been reported, but no attempt was 
made to derive an equation or formula therefrom. A number of 
these tests have been reported by Broido and Orrok (7). Others 
may be found in some of the N.E.L.A. serials (27, 28, 29, 33), 
transactions of various societies (10, 25, 34, 36, 37) and other 
sources (19, 26). A number were reported in papers by Artsay 
(12) and Ramzin (22). 


* Numbers in parentheses correspond to similarly numbered 
references given in the bibliography at the end of the paper, 
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TABLE 1 GENERAL BOILER DESCRIPTION AND DATA 
General data: 


2 3 5 6 z 8 9 
27,548 27,548 15,000 10,760 15,150 22,900 
DS> DS 8 HX¢ HX HX HX HX 


Springg W&W Spring 
Min steam rating, 1000 Ib 40 oe 60 Peer 
Normal steam rating, 1000 lb pe 
Max steam rating, 1000 lb par he... 200 25 
Date in service. 92 1929 1928 
Rated preheater surface, 8q ft. 5 Rr 13 11,550 We 
Make preheater B&W i junit W Thermix Ljun. 
Cale. furnace volume to exit, c 8740 9040 
Furnace width, ft 20. 18.917 : 23.791 27.75 
Make furnace FLi Es &W Springg CE TSk 
Burners per side 8 8 2 14 
No. sides fired “— 2 ee 1 2 
Make burners P F 
Primary air, % 5 100 
ain, % 

pe stoker 

Make stoker 
Area of stoker, sq ft 
Retorts, stoker 
Tuyéres, stoker 
Length, stoker 


Coal data: 


Moisture, % 
Volatile, 
carbon, % 


. . . 


Gorm 


yoy 


ww 
rs 
ze 


200 
Through 100 mesh, 
Through 50 mesh, 
Through 30 mesh, 


wears 


Carbon, % 
Hydrogen, % 
Oxygen, %... 


Spec c gr at 60 F 

igh heat. value, as fired, Btu per lb.. 
Low heat. value, as fired, "Btu per lb.. 
Flash point, F 


Natural-gas data . 
Ethane, % 
N.. 
xygen, %.. 
Carbon dioxid %. 
en, % 
gravity 
igh heat. value at 30-in. hg, and 60 F, Btu per 


Calculated refractory surface: 


62 Front or uptake, sq ft 
63 Each side, sq ft 

64 Rear or 
65 Top, sq ft.. 

66 Bottom, sq ‘ft. 


Refractory- faced waterwall block: 


Front, surface, sq ft 

Front, amt slagged, %... 

Front, slag thickness, in.. 

Each side, surface, 

Each side, amt slagged, % 

Each side, slag, thi ness, in. 

Top, surface, sq ft 

Top, amt slagged, %.. 

Top, slag thickness, in. 

Bottom, surface, sq ft.. 

Bottom, amt slagged, %...................- 

Bottom, slag thickness, in..................- 
Bare-faced waterwall block: 

Front surface, sq ft 

Front, amt slagged, %. 

Front, slag thickness, in.. 

Each side, surface, sq ft.. 

Each side, amt %. 

Each side, slag thi 

Rear, surface, sq ft. . 

Rear, amt sl: 

Rear, slag thick., in. 


Type boiler. . : S¢ DS 
1250 
1929 
82,721 
11 33,400 
Lab 23. 
‘ 
op 
19 25¢ 
20 75e 

25 
26 
27 
29 55 35.55... 26.50 37.63 .... 19.43 
37 75:0 5.20 3.75 4.57 4.53 29 

40 fired, Btu per lb........ 13,850 

Oil data: 

<a e 61 Low 7. value at 30-in. hg, and 60 F, Btu per om 

PASAT 776 776 76 600 80 310 193 83 92 
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TABLE 1 (Continued) 


Bare-tube waterwall: 


Front, diam tubes, in................. 
89 Front, distance center to center, in..... 
Front, total surface, sq ft............ 
91 Front, amt slagged, 
92 Front, slag thickness, in.. 


93 Each side, diam tubes, i res A 3. 
94 Each side, distance center to cena in. 6.00 9.00 
95 Each side, total surface, sq ms 290 227 


96 Each side, amt slagged, %.. Sera ; 55 30 
97 Each side, slag thickness, in. 

98 Rear, diam tu es, in. 

99 Rear, distance center to center, ‘in. 
Rear, total surface, sq ft...... 
Rear, amt slagged, %.. : 50 
Rear, slag thickness, in. 0.75 
Bottom, diam tubes, in.. in 
Bottom, distance center to center, in. 
Bottom, total surface, sq ft : 
Bottom, amt slagged, %.............. 
Bottom, slag thickness, in................... 


Fin-tube waterwall: 


Front, diam tubes, in.......... 
Front, distance center to center, in. 
Front, total surface, sq ft 
Front, amt slagged, 

Front, slag thickness, in. 

Each side, diam tubes, i 
Each side, distance center to center, in. 
side, total surface, a 
Each side, amt slagged, 
Each side, sla, thickness, i in. 
Rear, diam tu 8, in. 

Rear, distance center to center, i in. 
Rear, total surface, sq ft.. 

Rear, amt slagged, %.. 
Rear, slag thickness, i 
Top, "diam tubes, in.. 

Top, distance center to center, i in. 
Top, total! surface, sq wen 
Top, amt slagged, %.. 
Top, slag thickness, i in. 


Furnace exit: 


Furnace exit, diam tubes, in.. 
130 Effective length of tubes, 
Furnace exit, effective width, ft.. ore 
Distance center to center, first row, eee 
Distance between first and second rows, in... 
Distance, center to center second row, in.. 


Stirling; bDouble Stirling; 


air; r underfeed; « chain grate; ¢ staggered; u parallel. 


Bailey (24) has developed a method of measuring heat absorp- 
tion in furnaces having waterwalls covered with refractory fac- 
ings. Schack has suggested the use of the radiation pyrometer 
for such measurements (6, 13). Koessler has used the thermopile 
(32). Croft and Schmarje (56) have used an absorption calo- 
rimeter to measure incident radiation to the walls of a furnace. 

In Sweden, Lindmark and his associates have reported results 
(15, 16, 43) of tests involving the use of oil and pulverized fuel 
in an experimental furnace. In this country Sherman has pub- 
lished (51, 52, 53) considerable material on an experimental 
installation burning pulverized coal and gas. Brown advanced 
an empirical curve (8) which Marshall has discussed (44). Bot- 
tomley has presented a paper (49) based on data reported by 
Orrok. 

Sherman has reported data on furnaces (31) taken during the 
course of an investigation on refractories. Artsay has presented 
two papers (11, 12) giving an analysis based on hydraulic simili- 
tude. Data on gas radiation have been reported by numerous 
investigators who will not be mentioned here. 


MeErHODs FOR DETERMINING RADIANT-HEaT ABSORPTION 


Consideration of the previously described articles and papers 
reveals that five principal methods have been used in attempts to 
determine radiant-heat absorption in boiler furnaces. They are 
(a) determination of the actual evaporation in one or more tubes 
exposed to radiant heat, (b) use of physical methods such as the 
thermopile or radiation calorimeter, (c) the establishment of a 
temperature gradient through conducting material (only appli- 
cable to refractory-faced blocks), (d) a determination of the 
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¢ Horizontal cross-drum; 4¢ Babcock & Wilcox; ¢ Walsh & Weidner; / Combustion Engineering; ¢ Springfield; 4 Foster- 
Wheeler; Ljiingstrom; Fuller-Lehigh; & Superheater Company; ! Fishtail; 


m horizontal turbulent; » Lopulco; o Peabody; p Forney; ¢ preheated 


furnace temperature and subtraction of the heat leaving the 
furnace in the gases from the heat input to the furnace, and (e) 
the use of known physical data such as the Stefan-Boltzman law, 
and values of gas radiation. 

The first four of these methods are empirical whereas the last is 
primarily a theoretical attack. Obviously the ideal procedure 
would be to develop first an attack which would give theoretical 
formulas to cover all cases and conditions, and then second to 
determine with the aid of data supplied from tests, the values of 
constants which appear in the theoretical formulas. 

Unfortunately, the data given in the literature for each indi- 
vidual test usually are so meager that it is impossible to coordi- 
nate data from various sources in order to show the effect of such 
dimensions as furnace volume, and radiant heating surface. 
Thus, the committee submitting this report decided to conduct 
tests on a number of existing furnaces in order to obtain data 
which could be used as a reference for checking theoretical or 
empirical formulas. 

The first of the four previously mentioned practical methods 
for determining radiant-heat absorption (segregating portions of 
the waterwall) is not ordinarily feasible in the case of the usual 
boiler furnace because of the expense and time involved. There 
are perhaps half a dozen boiler installations in the United States 
where the waterwall circulation is in some manner separated 
entirely from the boiler proper. Tests on three of these installa- 
tions are given in this paper. Another notable example is the 
boiler installation at the Ford Motor Co., Fordson, Michigan, 
(10, 19), in which the side-wall tubes constitute an entirely sepa- 
rate boiler. Even here the top tubes of the furnace and the lower 
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boiler-tube row belong to the boiler proper and hence their heat 
absorption cannot be experimentally determined in this manner. 

During the preliminary work on tests conducted by the com- 
mittee, attempts were made to use a radiation calorimeter or 
“thermaprobe” as it has been termed. It was made of a flat- 
faced hollow steel block through which water was circulated. 
The heat absorbed by the circulating water was found by measur- 
ing its weight per unit of time, and its initial and final tempera- 
ture. This method was discarded as being unsatisfactory. The 
objections are: (1) Limitation as to number and location of open- 
ings which may be made in the furnace walls, (2) difficulty in con- 
trolling the water flow at a constant value, (3) difficulty of oper- 
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Fic. 1 STOKER-FIRED BoILeR WATERWALLS ON 
Four Sipes anp SEPARATE WATERWALL BoILER CIRCULATION 


TABLE 2 DATA FROM ware TEST ON UNIT SHOWN IN 


Boiler evap, Temperatures, deg, 
lb per hr Point A Point N Point M ‘oint C* Point Ce 
115,000 2455 2125 2150 1940 1985 
215,000 2920 2525 2630 a 2215 
300,000 2780 2810 2810 2490 2505 


* North side of boiler. 
6 South side of boiler. 
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ating more than one thermaprobe at the same time, (4) lag in 
responsivity during time intervals in which furnace conditions 
change, (5) difficulty in obtaining the same amount of slag on the 
thermaprobe that existed on the furnace tubes, or of allowing for 
it by correction and (6) possibility of considerable error due to 
peculiar local conditions. 

The third method for determining radiant-heat absorption 
given by Bailey (24), is not applicable to bare-tube or fin-tube 
construction. 

It appeared that the fourth method, which involves measuring 
the furnace-outlet gas temperature and setting up a furnace heat 
balance along the lines suggested by Kuhn (14) and DeBaufre 
(17), furnishes the most feasible method for determining heat 
transfer in boiler furnaces. The difference between the test 
procedures given by Kuhn and DeBaufre lay in the method of 
measuring gas temperatures. Kuhn used a high-velocity thermo- 
couple, which is at present generally conceded to be the most 
accurate method of temperature measurement. DeBaufre, it is 
understood, used ordinary bare thermocouples. 


Test APPARATUS 


The high-velocity thermocouple used in making the tests dis- 
cussed in this report is shown in Fig. 11. The instrument con- 
sists of a water-cooled brass tube which can be inserted into the 
gas stream, the usual distance being 92 in. minus the wall thick- 
ness. The gases are aspirated past the hot junction of the 
thermocouple at a very high velocity by means of the air ejector. 
This increases the heat transfer from the gas to the thermo- 
couple, thereby causing the thermocouple to read close to the true 
gas temperature. A more complete theory and description has 
been given elsewhere (18). 

For some of the tests a radiation pyrometer was available which 
was used to take readings, where possible, for use according to 
Schack’s (6) or Koessler’s (32) method. These readings were 
later discarded, as early experiments showed that only indefinable 
mean results could be obtained by use of the radiation pyrometer. 
However, they did show that under certain conditions the emis- 
sivity of the furnaces, as indicated by a comparison of the high- 
velocity thermocouple and radiation-pyrometer determinations, 
may approach close to the value of unity. 


DESCRIPTION OF THE BoILers USED IN THE TESTS 


In choosing boilers for test purposes, the committee endeavored 
to select representative boilers of various types burning various 
fuels in different manners. The following boilers were selected 
for testing: 

1 Semivertical underfeed stoker-fired boiler, Fig.1, with water- 
walls on all four sides and 24,600 sq ft of heating surface. 

2 Double-ended pulverized-coal-fired boiler, Fig. 2, with water- 
walls on two sides, a slag screen on the bottom, and 27,548 sq ft of 
heating surface. 

3 Double-ended pulverized-coal-fired boiler, Fig. 3, with a 
slag screen on the bottom and 27,548 sq ft of heating surface. 

4 Semivertical combination gas- and oil-fired boiler, Fig. 4, 
with water walls on four sides and 10,830 sq ft of heating surface. 

5 Horizontal cross-drum boiler, Fig. 5, with waterwalls on 
two sides, 15,000 sq ft of heating surface, and equipped with a 
chain-grate stoker. 

6 Horizontal cross-drum boiler, Fig. 6, water cooled on four 
sides and the bottom. This boiler has 10,760 sq ft of heating 
surface and burns pulverized fuel. 

7 Horizontal cross-drum combination gas- and oil-fired 
boiler, Fig. 7, with a refractory furnace and 15,150 sq ft of heating 
surface. 

8 Horizontal cross-drum gas-fired boiler, Fig. 8, with water- 
walls on four sides and 15,930 sq ft of heating surface. 
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9 Horizontal cross-drum boiler, Fig. 9, with waterwalls on 
four sides and 22,900 sq ft of heating surface. This boiler is 
equipped with an underfeed stoker. 

10 Double-ended boiler, Fig. 10, with waterwalls on all sides 
and 60,706 sq ft of heating surface. This unit burns pulverized 
fuel. 

Thus, data in this report include those from tests on three 
stoker-fired boilers, three gas-fired boilers, two oil-fired boilers, 
and four pulverized-coal-fired boilers. 

A detailed description of these boilers is given in Table 1. 
This table also includes the various carefully measured exposed 
radiant surfaces, as well as construction and firing data. A 
considerable amount of data are given in order to furnish com- 
plete information concerning the tests. as it is not known exactly 
what factors influence the results obtained. 

The surface areas given in Table 1 are overall values measured 
on the particular furnace walls taken as planes. The proximate 
analyses given are usually based on the fuel used during the tests. 
It was not always possible to take an ultimate analysis, and there- 
fore, in some cases the values for the ultimate analyses are for the 
average station fuel rather than the specific values for the coal 
used during the tests. An estimate of the slag on the actual 
waterwall surfaces has been made. It was impossible to judge 
flame volumes to any degree of accuracy. 


PRELIMINARY TESTS 


Since the temperature measured at the furnace outlet (denoted 
by M in the figures) was the most important determination of the 
tests it is advisable to note some of the preliminary work. 

During the tests on the first unit, Fig. 1, it was decided to 
measure temperatures by high-velocity thermocouples on one side 
of the boiler at points A, M, N, and C, and on the other side of the 
boiler at point C. Some of the data obtained at these points on 
the boiler shown in Fig. 1 are given in Table 2. 

The temperature differences at C between the two sides of the 
boiler are less than 50 F at low loads and less than 20 F at high 
loads. The high-velocity thermocouples could be inserted up to 
a maximum distance of 7 ft into the boiler pass. Since this boiler, 
Fig. 1, is 24 ft wide, this left a space of 12 ft in the middle (less in 
the other boilers) which could not be reached by the high-velocity 
thermocouples. However, it was noted early and confirmed 
repeatedly that the gas temperature within reach of the tip of the 
high-velocity thermocouple showed no discernible temperature 
gradient to within 20 in. of the wall. On this account it is be- 
lieved that the temperatures in the middle of the furnace width 
are not appreciably higher than at a point 6 or 7 ft from the wall. 

Moreover, the furnace-gas temperatures are subject to minute- 
to-minute variations in the neighborhood of 100 F in most of the 
boilers tested, especially in the stoker-fired units. 

Thus, it would seem that one reading on one side of the furnace 
width, while not as desirable as an average of temperatures taken 
across the pass and weighted according to mass flow, is neverthe- 
less, over a period of time quite indicative of the average furnace- 
exit temperature within the accuracy of the other factors govern- 
ing the tests. 

The maximum error caused by this procedure of measuring 
temperatures will obtain at low loads where stratification of gas is 
more apt to occur. At high loads the gases will fill the furnace 
more uniformly and will promote temperature conditions which 
are more nearly uniform. Likewise, the furnace temperatures 
will be higher and since radiation is roughly proportional to the 
fourth power of the temperature, this radiation will also tend to 
equalize gas temperatures in various parts of the furnace cavity. 
This last statement is confirmed by the data of Table 2 where it 
will be seen that the temperatures at A, N, and M are in close 
agreement at the high load. Possibly it might be considered 
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that high-load tests yield more accurate results than tests at 
lower loads. 

It is possible that the temperature gradient frequently ob- 
served across boiler passes in the neighborhood of the super- 
heater is more pronounced than in the hotter zones. This is due 
to unequal convection-heat absorption and the fact that radiation 
is insufficient to permit temperature equalization. 


DEscRIPTION OF TESTS AND Test Data 


The boilers tested are shown in Figs. 1 to 10, inclusive, and are 
numbered from 1 to 10, respectively, inthe tables. The furnace- 


exit temperature is taken at the point M as shown in the figures. 
This point was, whenever possible, chosen so as to be in the main 
gas stream approximately 1 ft underneath the boiler tubes at the 
furnace exit and about 6 ft toward the center of the furnace, 
measured from the inside furnace wall. Measurements were 
The steam flows were measured 


taken on one side of the furnace. 


Fie. 2 Dousie-ENDED Borter WITH 
SEPARATE WATERWALL-BOILER CIRCULATION AND Two Sipe WALLS 
oF FurRNACE WaTER CooLEeD 


by flowmeters which were usually “water-columned” before the 
tests. The flowmeter readings are believed to be within 5 per 
cent of the true values, which is within the accuracy desired. 
Flowmeter corrections due to pressure and temperature were not 
made as they were small. The boiler-outlet temperatures were 
averages determined by a number of bare thermocouples or by 
calibrated recorders. Steam pressures were obtained by checked 
station gages. Feedwater and steam temperatures were ob- 
tained by thermometers or thermocouples. 

Various auxiliary data which may be of interest were also 
included. The gas analysis is an average for samples taken 
across the top of the first pass or at the boiler outlet as noted in 
item 16 of Table 3. 

The thermoelements of the high-velocity thermocouples were 
calibrated before a number of the tests and were always found to 
be within 10 F of their original calibration. The gas tempera- 
tures within the furnace, within the reach of the end of a high- 
velocity thermocouple located at any opening, were nearly always 
found to be constant at all points up to within about 2 ft of the 
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inside wall of the furnace for any of the tests, neglecting momen- 
tary total furnace-temperature variations of as much as 100 F. 

A number of the readings of the high-velocity thermocouple 
were taken in various portions of the furnace and in the boiler 
passes but, as this paper is confined to the calculation of furnace 
radiation, they have not been included. 

The furnace-temperature readings are usually averages of 
separate readings taken 10 minutes apart, the high-velocity 
thermocouple being removed between readings to avoid slagging 
difficulties. Duration of tests varied from 30 minutes to 31/2 


Fic. 3 Dovusie-ENDED PULVERIZED-COAL-FirED BoILeR WITH 
SEPARATE WATERWALL-BOILER CIRCULATION AND WATER COOLING 
ONLY oN Bottom or FURNACE 


hours according to conditions governing boiler operation at the 
individual power plants. 

The percentage of moisture in the steam entering the super- 
heater was measured in almost all of the tests and was found to be 
less than 0.5 per cent. 

The data of a number of specific tests are given in Table 3 in 
some detail. Due to space limitations a large number of the less 
important tests are not included. 

The first boiler which was tested is fired by an underfeed stoker 
and has a separate screen or waterwall boiler. The greater 
portion of the front wall is covered with refractory block. The 
other walls are covered with bare-faced blocks in the lower part 
and bare tubes in the upper part of the furnace. 

The furnace water-walls, constituting the screen boiler, have a 
separate drum, the steam from this drum mixing with the steam 
from the boiler proper before entering the convection super- 
heater. 

Flames passing up into the boiler as far as the superheater 
indicated somewhat delayed combustion. An attempt was made 
to take gas analyses at points in the furnace in order to estimate 
the amount of this delayed combustion. Results obtained were 
extremely erratic, carbon monoxide in the middle of the furnace 
ranging anywhere from zero to 10 per cent. An analysis for 
hydrogen was not made. After numerous trials this gas sampling 
was given up as being too difficult for practical accomplishment 
because the time required to obtain representative samples would 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


be longer than the boiler could be held at the given condition. 
This matter of delayed combustion was found to be characteristic 
of stoker-fired furnaces. No such extreme condition was evident 
in the furnaces fired by fuel in suspension. 

Due to the difficulty encountered in the testing, tests were run 
only at high, medium, and low loads, the actual time of the tests 
being but a few minutes although sufficient time was allowed 
between tests to obtain fairly steady conditions. 

The second boiler tested, although fired by pulverized coal, 
was similar to the first in that the bottom sereen and side-wall 
tubes constituted an entirely separate boiler as may be seen by 
reference to Fig. 2. In this type of firing, the fuel is conveyed 
from the burners by a small amount of primary air. Secondary 
air is drawn in through ports in the side wall adjacent to the burn- 
ers, located in this case, among the side-wall tubes. In order to 
assure a sufficiently long flame at the higher combustion rates, a 
small amount of preheated forced-draft air is introduced under 
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Fig. 4 Att Water CooLtep ComBINATION Gas- AND O1L-Frrep 
BoILer 


pressure at the burners. Because of this, the length of the flame 
is a function of both the primary and forced-draft air pressures. 
Due to the operating and control conditions on this boiler it 
was feasible to make more extensive tests than were made on the 
first boiler. On this account each test was repeated for three 
excess-air values in order to determine the resulting effect. 
Included in the first group of tests are results for three loads 
at three flame lengths and three excess-air values each, thus mak- 
ing a total of 27 tests. These tests were run half an hour apart, 
two readings being taken for each test. Gas analyses were also 
taken in the furnace during these tests. Although no carbon 
monoxide could be found, the gas-analysis results were so varied 
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that they were discarded and reliance was again placed on boiler- 
outlet gas-analysis values. 

It should be noted that the terms “short flame,” “normal 
flame,” and “long flame” are only relative and do not have ex- 
actly the same magnitude for different tests. 

As some of the results obtained in this first group of tests did 
not agree, it was thought that perhaps the duration of the tests 
was too short. It was then decided to run a second series of 
tests during which readings were taken every 10 or 15 minutes 
for a test period of 3 hours. 

Comparison of the data obtained from this series of tests with 
the test data from boiler No. 1, showed that, in spite of the addi- 
tional length of the tests, the results were not much better, and 
therefore the data have been omitted. The reason for this is 
probably the fact that the increased accuracy of the readings due 
to the longer time of the tests, is more than balanced by changed 
furnace conditions. Hence no more long-time tests were at- 
tempted on this boiler. 

During the previous tests the side-wall tubes were covered with 
a certain amount of slag, the 2-in. space between the tubes and 
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the wall being completely filled with slag. In order to ascertain 
the effect of this slag on the screen-boiler evaporation, the boiler 
was taken off the line, the slag removed, and the tubes wire- 
brushed. Tests 2-8C, 2-14C, and 2-23C, were made under 
these new conditions. 

The third boiler tested, Fig. 3, is exactly similar to boiler No. 2 
except that there are no side-wall tubes and the superheater and 
baffling, with which we are not concerned, are slightly different. 
Comments applying to the boiler No. 2 apply also to boiler No. 3. 
Fewer tests were run on this boiler. From among the first group 
of tests, 3-8, 3-6, and 3-13 are given for three steam ratings. 

As was done in the case of boiler No. 2, a second series of tests 
was run using longer test periods. The results were susceptible 
to the same conclusion as was arrived at in the case of the boiler 
No. 2, and are likewise omitted. 
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The fourth boiler tested was the oil- and gas-fired unit shown in 
Fig. 4. Oil was the fuel ordinarily used, natural gas being used 
as a stand-by fuel. The gases within the furnace were almost 
transparent. Due to operating conditions, a high load could not 
be carried on this boiler. Tests were made at three loads with 
two excess-air values each, for both oil- and gas-firing, except 
that test 4-12, which would have been with a high per cent air, 
was omitted. Duration of tests was approximately 1 hour. 
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The fifth boiler tested, shown in Fig. 5, was fired by a chain- 
grate stoker having two overhung combustion arches. The tests 
on this boiler were not as satisfactory as on the other boilers. 
Delayed combustion was again evident. Combustion was uneven 
on the grate and excess air was high. Instead of measuring the 
furnace-exit temperature just under the boiler tubes it was neces- 
sary to measure this temperature in the middle of the furnace as 
no other opening was available or could be made. It was not 
possible to vary the excess air, hence only three short tests were 
made at three boiler evaporations. These tests should not be 
considered as reliable as the other tests. 

The sixth boiler tested, shown in Fig. 6, was an almost com- 
pletely water-cooled furnace, burning pulverized coal and fired 
by two turbulent burners in the front wall. Due to temporary 
difficulty with the induced-draft fan, a high load could not be 
carried on the boiler. Similarly, a high excess-air medium load 
could not be carried. Hence, but five tests were run; three at 
different excess-air values at low load and two at different excess- 
air values at medium load. Duration of tests was from 1 to 2 
hours. 

The seventh boiler tested was the refractory-furnace gas- and 
oil-fired boiler shown in Fig. 7. Tests were made at three loads, 
when burning natural gas, operating with three excess-air values 
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Fic. 7 CompinaTion Gas- O1-Firep ALL- 
REFRACTORY FURNACE 


Fic. 8 Gas-Finep Borer Furnace Coo.ep on Four Sipes 


at each load except for the higher load where one test was 
omitted. Duration of tests was approximately half an hour 
with considerable time between tests. 

The tests using oil (7-10, 7-11, and 7-12) were made at three 
boiler loads and were of limited duration because of the desire not. 
to use oil, inasmuch as it was only an emergency or stand-by fuel. 
The furnace gases were transparent at all ratings. 

The eighth boiler tested was the water-cooled natural-gas- 
fired boiler shown in Fig. 8. There was no provision for oil firing. 
Due to trouble in the turbine room, it was difficult to put high 
evaporative loads on this boiler. Tests 8-1 to 8-5 were run with 
low and medium loads and various air values. Tests 8-10, 8-11 
and 8-12 were run at a medium boiler evaporation with different. 
feedwater temperatures. Test 8-13 represents the one high-load 
test that wasrun. The furnace gases were perfectly transparent 
at all ratings. Each test required about 1 hour. 

The ninth boiler was the underfeed-stoker-fired boiler with 
bare-tube waterwalls shown in Fig. 9. Tests 9-6 and 9-7 show 
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the effect of varying the feedwater temperature while holding the 
boiler at a constant output. Tests 9-6 and 9-7 were made on the 
boiler just before it was taken off the line for repairs. The tubes 
were dirty and the grates burned. Tests 9-14 to 9-19 were made 
after the grates had been reconditioned, the boiler having been in 
operation two days in order to obtain representative conditions. 
These tests were made at three evaporative ratings with two 
values of excess air each and each test lasted one-half hour. 

The tenth boiler test was made on the large double-ended 
pulverized-coal-fired boiler shown in Fig. 10. This was the only 
boiler furnace in which any attempt was made to keep the side 
waterwall tubes clean during normal operation. The tubes 
were dusted twice daily by means of a compressed-air lance 
through four openings in each side wall, thus tending to retard 
slag formation on a portion of the waterwall surface. 

Tests 10-12, 10-13, and 10-14 were run at three boiler loads 
with a low feedwater temperature. The feedwater temperature 
was increased and tests 10-15 to 10-20 followed at three loads 
with various excess-air values at each load. Each of these tests 
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were of 15-minutes duration. The data of a series of longer as 80 F. The calculations are made as if the fuel entered the 
tests lasting perhaps three hours were discarded as being incon- furnace at this temperature, the heat derived from combustion 
sistent, undoubtedly because boiler conditions change from day _ plus any preheat in the air being used to raise the products of 
to day. combustion from 80 F to the actual furnace temperature. The 
= sensible heat in the gases at any temperature therefore contains, 
DIscUSSION OF THE TESTS not only any heat added by combustion, but also the heat in the 

Several important points may be noted by examining the data 
obtained. Unless all of the tests are run in one day it is difficult ninco) 
to reconcile the data taken on two different days because of 
varying furnace conditions which are not a function of the opera- 
tion of the boiler control instruments. In regard to future tests, 
it is believed that the influence of excess air has been amply 
demonstrated. Also, except for extremely accurate work, the 
importance of flame length in regard to furnace-exit temperature 
appears to be insufficient to warrant extended tests to show its 
effect. 

As the object of these tests was to determine actual results 
which might be checked against theoretical calculations and 
existing formulas, it was advisable to determine values of the 
ratio of heat absorbed by radiation to the heat input to the fur- 
nace. These calculations are included in Table 3. The method 
of making the calculation is outlined in Table 4. 

In calculations it is necessary to distinguish between the 
amount of excess air in the furnace and the amount at the boiler 
outlet. Using data obtained from a considerable number of 
tests, an average value of 7 per cent air leakage between the top 
of the first pass and the boiler outlet has been assumed. For 
calculation purposes the percentage of air at the top of the first 
pass has been assumed to be the same as that in the furnace. 
The percentages of air used as given in items 20 or 21 in Table 3, 
were obtained from calculated CO, curves for the fuels in ques- 
tion. 

In order to determine the heat in the gases at the boiler outlet 
and at the furnace exit it was necessary to plot heat-capacity 
curves for the different fuels burned. A sample curve is given in 
Fig. 12. These curves are based on the values for the specific 
heat of gases recommended by Goodenough (58). Eastman’s 
specific heats (57) are perhaps to be preferred and would result 
in an increase of about 2 per cent in the sensible heats. This 
difference in sensible-heat values affects the u-values less than 2 


per cent. 
The initial temperature of the air, as well as the temperature Fyg. 10 Large Unir 
at which the fuel is assumed to enter the furnace, has been taken WATERWALLS ON ALL Sipes oF FURNACE 
(9) gases at 80 F, i.e., the heat-ca- 
pacity curves are based upon 0 
: : F abs. 
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TABLE 3 DATA OF TESTS INCLUDING FURNACE-EXIT 
12 13 14 16 17 18 19 20 2t 


boiler 


screen boiler 
1000 Ib per hr 


total 


burner, F 
Furnace air, % 


pass or outlet 


Oxygen, % 


Flame conditions 
Actual 
evap, 1000 |b per hr 
Actual 
evap, 
temperature, F 
Boiler outlet 
temperature, F 
Steam pressure, 

2% Ib per sq in., abs 
temperature, F 
Primary air 
pressure, in. water 
Air temperature 
Gas analysis at first 
Carbon dioxide, % 
Boiler outlet air 
calculated, % 


No. of boiler 
Test number 
at 


Furnace exit 
Feedwater 


outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
outlet 
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1 2 3 4 7 8 9 10 

Me Bit 0 
coal 130 137 
= coal 133 140 
coal 136 143 
coal 121 127 
coal 146 153 
coal 136 143 
coal 128 135 
coal 138 145 
coal 138 145 
coal 129136 
coal 126-133 
coal 115 122 
coal 118 125 
coal 120 127 
coal 115 122 
coal 123. 130 
146 153 
126 133 
129 136 
= 128 125 
coal 125 = 132 
coal 119 126 
2-24 coal 108 105 
2-25 coal 127. 134 
2-26 coal 125 132 
2-27 coal 110 117 
pace 2-8C coal ‘ 
2-14C coal 229 100.0 2265 576... 
ed 3b 3-8 coal 150 53.7 2170 520 400 315 691 132-139 
3-6 coal 225 71.0 2320 570 407 330 687 125 132 
3-13 285 70.5 2360 645 411 350 726 133 140 
4¢ 4-1 oil 1600 575 440 274 632 133 140 
4-2 oil 1600 585 440 276 640 148 155 
4-3 oil 1880 630 445 270 657 |. 112 119 
4-4 oil 1985 665 445 270 680... 124 131 
4-5 oil .. ... 1610 805 440 270 618... 115 122 
4-6 oil 1615 632 440 270 637 ... 139-146 
4-7 gas 1910 638 442 274 670 2 114° 121 
4-8 gas 1930 680 442 274 684 1 149 156 
4-9 1785 598 445 274 650 ... 1 127 134 
1780 622 445 276 670 ... 1 149 156 
1730 575 440 276 650... 1 125 132 
54 5-1 1905 420 380 295 662... 198 205 
ae 5-2 coll .. 91  ... 2325 854 380 315 717 ~~... 182 189 
5-3 coal .. 128 ... 2415 625 390 320 742 |... 2 144 151 
6-1 1790 557 456 217 577 . 145 152 
6-2 1885 540 456 216 565 1 128 135 
6-3 1845 526 456 216 556 1 113 120 
6-4 coal .. 99 ... 1885 610 463 218 587 115 122 
6-5 1910 575 463 221 559 103-110 
7e 7-1 gas .. 60  ... 2175 800 360 233 678 145 152 
be Gene 7-2 gas .. 60 ... 2205 490 359 230 664 . 125 132 
7-3 gas .. 60 ... 2255 490 360 233 651 116 123 
7-4 gas .. 120 2400 600 363 234 725 132139 
7-5 gas .. 121... 2430 590 365 243 720 125 132 
7-6 gas 2490 580 364 242 715 116 123 
sig Bee 7-8 gas .. 176 ... 2640 710 367 230 750 ... 128 182 
7-9 gas 2700S 710s 867) 750 118 125 
7-10 ~—oil .. 68  ... 2190 505 363 232 682 159 166 
7-11 oil .. ... 2410 615 366 233 712 146 183 
7-12 .. 160 ... 2475 680 368 227 739 154 161 
ge 8-1 1970 495 395 284 637 ... 109 116 
8-2 gas .. 102 : 1955 510 397 285 652 ... 120 197 
8-3 gas .. 101 .. 2010 625 399 286 669 ... 134° 141 
8-4 gas .. 201 ... 2085 630 407 289 710 
8-5 gas 1920 646 407 289 740 
8-10 gas .. 204 ... 2060 630 407 302 708 
8-11 gas .. 203 ... 2345 640 405 246 740 
8-12 gas .. 206 ... 2335 640 404 218 750 
8-13 gas .. 297 ... 2315 714 407 309 740 
94 9-6 coal .. 225 . 2330 557 383 336 698 0 134 141 
9-7 coll .. 225 ... 2310 551 383 221 721 0 125 132 
9-14 coal .. 127. ... 2005 472 377 332 747 163 170 
9-15 1920 462 375 331 713 0 144 151 
9-16 coal .. 224 2200 554 379 332 774 0 161 168 
O17 coll .. 280 ... #9200 538 879 341 742 163 170 

ees as 9-19 coal .. 275 ... 2495 575 384 334 775 0 147 154 
10° 10-12, coal «S| 23845 685 407-206-771 109 116 
10-13 coal .. 615 ... 2215 630 407 203 #740 
10-14 coal .. 415 . 2040 870 407 207 716... 
10-15 coal .. 415 ... 1980 570 407 287 714 
10-16 coal .. 415... 1950 585 408 289 723... 
10-17 coal .. 590 ... 2305 640 407 291 770 
10-18 coal .. 600 ... 2095 645 407 231 737 
10-19 coal .. 620 ... 2135 640 407 233 733 
10-20 coal .. 789 «... £2270 690 407 232 743 
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TEMPERATURES AND CALCULATED u-VALUES 
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h Long-flame conditions. 


¢@ Normal-flame conditions. 


/ Short-flame conditions. 
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2 8 1 4.2 0 746 5 7 ce 
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1 0 1 2.5 0! 821 8 7 wee 
2 0 Li 2.5 0 800 7 9 ot ey 
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1 0 1 4.0 0 777 8 
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1 0 1 4.0 0 785 8 1 ese - 
1 0 1 4.0 0 799 3 9 ee 
1 0 1 4.0 0 778 LO 3 ae 
1 0 1 4.0 0 .778 8 3 Ta Ms 
1 0 1 4.0 0 .807 .0 1 fe 
13.70 13.19 1 2] 0.186 0.814 198 0 0) 
13.70 13.19 1 3] 0.201 0.799 296 ms 5 0 0! 
1| 3.70 8.19 4) 0.237 0.763 394 0 0] 5 
2. 20.15 19.30 2 3] 0.196 0.804 94 0 0] 
2. 20.46 19.61 2 3] 0.235 0.765 103 10 0 0] 
2) 20.04 19.19 2 3] 0.192 0.808 155 11 0 0] 
3. 20.32 19.47 2 3] 0.208 0.792 168 10 0 0] 
2. 19.67 18.82 2 3] 0.185 0.815 125 mo (12 0 0 eae 
2, 20.42 19.57 2 3] 0.211 0.789 129 «11 0 0 
2. 24.50 22.32 2 3) 0.246 0.754 166 19 12 0 0 
25.16 22.98 3] 0.284 0.716 177 143 10 0 0 
24.65 22.47 3] 0.244 0.756 128 0 0 
25.10 22.92 3] 0.264 0.736 129 (11 0 0 7 
24.54 22.36 3, 0.238 0.762 101 12 0 0 2 
8.71 8.21 4) 0.235 0.765 70 0 0 
8.77 8.27 4] 0.295 0.705 140 mo 0600 0 
i, 8.75 8.23 5, 0.280 0.720 194 1 0 
10.82 10.34 4. 0.200 0.800 89.6 5 B 
1. 10.70 10.22 4, 0.183 0.817 84.5 ms 5 0. 7 
10.65 10.17 4. 0.179 0.821 66.5 81 6 0. B 
1. 10.68 10.20 4. 0.202 0.798 136 0. 
10.61 10.13 5. 0.194 0.806 132 6 0. 
3. 20.60 18.60 0.245 0.755 91.7 16m 5 0. 
2. 20.60 18.60 3. 0.226 0.774 89.8 14% 7 0. i eee 
2. 20.60 18.60 0.231 0.769 88.8 13m 7 0. 
3. 20.60 18.60 2. | 0.259 0.741 190 5] 0. 
2. 20.60 18.60 0.245 0.755 187 15 5] 0. 
2. 20.60 18.60 2. | 0.245 0.755 187 | 0. 
2. 20.60 18.60 0.278 0.722 291 17) 4, 0. 
3. 20.60 18.60 0.278 0.722 302 16 4] 0. 
3. 19.00 18.15 0.205 0.795 98.8 15m 5] 0. 
2. 19.00 18.15 0.210 0.790 171 15 5. 0. 
2. 19.00 18.15 2. 0.247 0.753 252 17 4] 0. 
2. 20.00 18.11 2. 0.204 0.796 147 11 9. 0. ae 
2. 20.00 18.11 0.224 0.776 154 12 8. 0. 
2. 20.00 18.11 2. 0.274 0.726 120 165 13m 7. 0. 
2. 20.00 18.11 2. 0.239 0.761 223 293 11 8] 0. 
2. 20.00 18.11 0.259 0.741 156 210 12 8. 0. 
2. 20.00 18.11 0.254 0.746 224 300 11 8. 0. 
3. 20.00 18.11 0.244 0.756 162 214 7 0. D 
2. 20.00 18.11 9. 0.244 0.756 248 328 13) 0. 
2. 20.00 18.11 2. 0.259 0.741 328 442 1 0. 
2. 15.23 14.79 4. 0.195 0.805 238 296 11 0. 
15.12 14.68 4. 0.187 0.813 267 328 0. 
2. 15.20 14.76 3. 0.189 0.811 138 170 11 «6. 0. 
3. 15.02 14.58 3. 0.174 0.826 134 162 0. 
2. 15.34 14.90 4. 0.214 0.786 247 314 12 0. 
2. 15.30 14.86 4. 0.215 0.785 247 314 1: 5. 0. 
2. 15.30 14.86 5. 0.219 0.781 301 385 4. 0. 
2. 15.34 14.90 5. 0.222 0.778 302 388 12 4. 0. 
15.69 15.28 5. 0.204 0.796 980 1230 om 7. 0. 
1. 15.65 15.24 4. 0.207 0.793 747 942 on 0. D 
2. 15.69 15.28 | 0.190 0.800 496 620 10 7. 0. 
2. 15.87 15.45 0.194 0.806 463 574 10 yal 0. 
2. 16.16 15.75 3. | 0.148 0.832 464 544 118 6. 0. 
1. 15.79 15.38 4. 0.212 0.788 674 855 0. 
2. 15.98 15.57 4. 0.222 0.778 674 866 10m 6. 0. 
15.72 15.31 4. 0.212 0.788 693 887 om 0. 
15.83 15.42 5. 0.221 0.779 877 1125 0. 
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TABLE 4 INDICATED CALCULATIONS FOR TABLE 3 


data 
Se calculated from item 17, using fuel analysis 


om eee assumed equal to item 30 plus 7 per cent 

heat capacity curves using and 21 

SS ae heat capacity curves using item 2 

(fraction of air x in, in air at burner temp) — 
(heat in air at F)] 

Sa high heat value of fuel + item 24 

SS ee item 25 — latent heat 

OS eae item 26 + item 23 

SN assumed 

atent-heat loss in per cent item 28 item 29 

1.00 — item 30 

ae item 5 X [(heat of superheated steam — heat of feed- 
water 

item $2 /ttem 31 

OS" ee heat-capacity curves using items 7 and 20 

 —ar-- item 27 — item 34 

item 35/item 25 

item 35/item 26 

item 33/furnace volume 


TABLE 5 ASSUMED RADIATION LOSSES 


Boiler surface, sq ft Per cent loss 


2,500 to 7,500 3.00 
7,500 to 12,500 2.00 
12,500 to 20,000 1.50 
20,000 to 50,000 1.25 
ver 50, 1.00 


heat is lost in so far as any heat transfer is concerned, unless the 
dewpoint of the gases is reached, it must be subtracted from the 
high heat value of the fuel. 

It was impossible to conduct a weighed-fuel and water test 
on the boilers, thus necessitating the use of the heat-balance 
method (38) for the calculation of boiler efficiency. Results 
should be sufficiently close for the purposes of this report. The 
carbon, hydrogen, hydrocarbon, and overall boiler radiation loss 
have been combined and estimated in item 28 of Table 3. 

The radiation loss through the furnace walls in per cent of the 
furnace heat input was taken as in Table 5. 

The other losses were, judging by some experimental data (30), 
estimated as about 1 per cent for oil- and gas-fired boilers. For 
coal firing, these losses were estimated at values ranging from 2 
per cent at normal ratings to 6 per cent at the higher ratings, these 
values being based on available data. 

The calculations made in Table 3 to obtain the heat input 
to the furnace are evident. Using the heat-capacity curves in 
order to determine the heat in the gases at the furnace exit, the 
difference between this value and the heat of combustion plus the 
heat in the gases at 80 F plus the heat in the preheated air, will be 
the heat radiated or convected to the furnace surfaces. Com- 
plete combustion is assumed for this calculation. The ratio of 
the heat radiated to the heat input is readily calculated, and is 
termed the gas-temperature u-value. 

It will be seen that the heat in the preheated air used for com- 
bustion has been assumed to act exactly as if it were part of the 
calorific value of the fuel. This assumption is open to question in 
view of the possibility of chemiluminescence but no data exist to 
form a more exact conclusion. Any error from this source cannot 
be large. 

There are two possible methods of computing the gas-tempera- 
ture u-value. In item 36 it is given as a ratio of the heat given up 
from the furnace gases to the calorific heat of the fuel plus sensible 
heat in air supplied from combustion. 

Since the energy as heat required to evaporate the moisture 
resulting from hydrogen and moisture in the fuel is not available 
for radiation or to increase the sensible heat of the gases, a second 
determination of » as a ratio of the heat given up from the furnace 
gases to the low heat value of the fuel plus any air preheat has 
been given as item 37. 

In the cases where the boilers tested have separate waterwall 
circulation and drums, it is possible to estimate the heat absorbed 
in the furnace by use of a proportion between the total exposed 


effective radiant heating surface in the screen boiler and that part 
of the waterwall boiler on separate circulation. 

This has not been done in this report since it involves an esti- 
mation of the relative heat-absorbing abilities of various kinds of 
waterwall surfaces which, in the present state of our knowledge 
of this subject, is to some extent dependent on individual opinion. 

It should be noted that in calculating the gas-temperature u- 
values, it was necessary to determine the boiler efficiency by the 
heat-balance method. This involves some element of personal 
judgment and it is realized that others would perhaps obtain 
different values for the boiler efficiency, thus getting slightly 
different u-values. However, the differences should not be large 
and it has been deemed advisable to calculate and give these p- 
values so as to present the data more effectively. 

The data which are included will also serve, it is believed, as a 
criterion for checking results obtained by the various methods of 
calculation advanced by different investigators. 
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With this in view the values of 4 as computed from gas-tem- 
perature data have been included in Table 3, as stated previously. 
It is felt that the results included in a report by the committee 
should not be carried beyond this point because major assump- 
tions would be involved about which there is no general agree- 
ment. 

However, an investigation has been conducted in which the 
results of each of several well-known methods of arriving at p- 
values are compared to the gas-temperature values of u included 
in this report. This information is presented in the two papers, 
immediately preceding this paper, RP-57-2 and RP-57-3. 

A study of the method of taking the experimental data included 
in this report will reveal the probable magnitude of any errors 
involved. The readings of the high-velocity thermocouples, by 
far the most important determination, are believed to indicate the 
true gas temperature within 50 F. 

Furthermore, inspection of the data (of which a considerable 
amount is not given in this paper) will show that even under 
identical conditions of boiler-operating control, the furnace 
temperature may vary as much as 100 F from day today. Theo- 
retically, it would be possible to determine the cause of this varia- 
tion which is probably due to such factors as irregular coal feed- 
ing, shifting combustion conditions, and different amounts of slag 
on the walls. Practically, the causes are indeterminate, hence, 
it would seem that a method yielding the greatest accuracy desir- 
able should give results, in regard to the furnace temperature, of 
about +50 F. 

It is appreciated that many faults may be found with the 
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results. However, it is believed that a contribution has been 
made which will help in advancing the subject but which will 
require much more work, both practical and theoretical, before it 
can be said that it is on a thoroughly sound basis. 

In the literature, the increasing tendency to measure furnace- 
exit-gas temperatures as a part of the complete boiler test is noted 
with gratification (30, 35, 50), although it is regrettable that 
high-velocity thermocouples are not always used for this de- 
termination. 

It is impossible to mention individually all those who have 
cooperated in this investigation. Grateful acknowledgment is 
particularly due to the operating companies, who by lending the 
use of their facilities and personnel, have made this investigation 
possible. The names of the various power plants have been 
deleted by request. 
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Discussion 


Steam-Turbine Leaving Losses and 
Vacuum Corrections’ 


Ernest L. Ropinson.? Professor Helander has presented a 
detailed set of computations of the effect of leaving velocity at 
the wheel annulus on vacuum corrections for steam-turbine 
performance. The corrections are based, as they should be, on a 
particular known performance and the author wisely qualifies 
his methods as suitable for use in the field where manufacturers’ 
corrections are not available, and his basic theoretical analysis of 
the steam action in the last-stage bucket exit seems to be correct. 

There are, however, a number of influences that must be taken 
into account in preparing the vacuum corrections for steam- 
turbine performance. The most important of these is the leaving- 
velocity loss from the last-stage wheel and this he has considered. 
Another important element is the pressure drop through the 
exhaust hood from the wheel annulus to the exhaust flange, which 
occurs despite considerable excess area. These two influences 
are closely inter-related and only an approximate analysis of the 
actual leaving loss can be made without taking account of the 
variation of pressure due to drop through the hood. Omitting 
the exhaust-hood loss, however, does give a first approximation 
to the vacuum corrections since when the exhaust-hood loss is 
larger, the leaving loss is less. Certain upstream effects are also 
to be reckoned with for a stage or two preceding the last, particu- 
larly at light loads. We understand from the author that these 
latter effects, while not evaluated, are allowed for in Appendix B 
if certain factors are known. 

Manufacturers’ vacuum corrections attempt to evaluate all 
these influences with the best available knowledge as to the per- 
formance of the several elements, supplemented with empirical 
corrections to the theoretical calculations following analyses of 
many actual tests. It would be our recommendation that where 
important decisions are involved, actual tests at various vacuums 
be carried out or the manufacturers’ vacuum corrections, which 
are based on a wide knowledge of such tests, be used. 


C. Harotp Berry.’ The determination of vacuum correc- 
tions is an important undertaking in connection with an accept- 
ance test of a steam turbine. The A.S.M.E. Test Code for 
Steam Turbines now requires that vacuum corrections be es- 
tablished by prior agreement between the manufacturer and the 
purchaser, either in the purchase contract or in a separate agree- 
ment, or else that the corrections be found by auxiliary tests. 
The first alternative is tantamount to accepting the manufac- 
turer’s correction curves; if the purchaser is unwilling to do this, 
he must conduct a costly series of tests. 

Some readers may be of the opinion that Professor Helander 
has developed another method for securing the desired corrections 
that will avoid the difficulties of the foregoing alternatives. 
That this is not the case seems evident from the fact that items 2 


1 Published as paper FSP-57-8, by Linn Helander, in the May, 
1935, issue of the A.S.M.E. Transactions. : 

? Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 

3Gordon McKay Professor of Mechanical Engineering, _The 
Graduate School of Engineering, Harvard University, Cambridge, 
Mass. Chairman of A.S.M.E. Power Test Codes Individual Com- 
mittee No. 6, Steam Turbines. 


to 6 and 28 in the table on page 154 of the original paper are 
stated to rest upon information furnished by the manufacturer. 
In the case of a test, item 5 would be known from the test results, 
and some of the other items might be obtained by sufficiently 
skillful measurement; but in the end the computed results will 
rest upon data furnished by the manufacturer and accepted by 
the purchaser. If the purchaser is willing to accept basic data, 
he will probably be equally willing to accept the final result. 
Thus it appears to me that this method should not find a place in 
the A.S.M.E. Test Codes. 

The writer speaks as chairman of Power Test Codes Individual 
Committee No. 6, which is now engaged in the revision of the 
Test Code for Steam Turbines. He does not, however, speak for 
the Committee, since there has been insufficient time for a poll 
of its membership. 


Joun A. Dent.‘ Both designers and users of turbines will find 
Professor Helander’s paper useful in the estimation of leaving 
losses and vacuum correction. The influence of critical speed 
and the limitations of possible vacuum at different loads are 
clearly brought out. While at first glance the procedure seems 
rather complicated the development is entirely logical and with 
a little study and practice can be applied with a reasonable 
expenditure of time and work. 

The problem of determining leaving losses is exceedingly 
complex, and many variables enter its solution. The author is 
careful to point out that his method gives only a reasonable 
approximation and calls attention to some of the neglected 
variables which may influence the result, namely, leakage, mois- 
ture, and variation in nozzle efficiency. Other items which 
might be mentioned are: 


(a) Variation in leaving velocity across section of jet 
(b) Variation in leaving velocity from root to tip of blade 
(c) Variation in gaging from root to tip. 


Under (a) it should be remembered that the discharge varies as 
the mean velocity across the jet, while the kinetic energy varies 
with the “root mean square” of the velocity. Ordinarily the 
error in using mean velocity for computing kinetic energy is quite 
small. 
The error in computing kinetic energy from the leaving velocity 
at mean-blade speed may be considerable in some cases, and 
entirely negligible in others. For example if the tangential 
component of the relative velocity is equal to the mean-blade 
speed, the absolute velocity leaving is a minimum at the middle of 
the blade, and increases both toward root and tip. If the kinetic 
energy is calculated on the basis of the velocity at the middle of 
the blade the result will obviously be too low. In the accompany- 
ing diagram, Fig. 1, OA is the relative velocity, AB the mean- 
blade speed, AC the root-blade speed, and AD the tip-blade 
speed. Then OB is the absolute velocity at the middle of the 
blade, OC at the root, and OD at the tip. Plainly, the mean 
leaving velocity is greater than OB. 

The writer made a few calculations on the magnitude of this 
error using as an example a two-foot blade mounted on a six-foot 
drum revolving at 1800 rpm. A straight blade was assumed with 


4 Professor and Head of Department of Mechanical Engineering, 
University of Pittsburgh, Pittsburgh, Pa. Mem. A.S.M.E. 
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a constant gaging giving sin a = 0.45. The figures chosen 
correspond to a mean-blade speed of 754 ft per sec and a tip 
speed of 942 ft per sec. 

At a relative velocity of 850 ft per sec the kinetic energy was 
108 per cent of that found by assuming the leaving velocity 
corresponding to the mean-blade speed. At 1000 ft per sec the 
ratio dropped to 103.4 per cent and at 1270 ft per sec became 100 
per cent. A maximum of 115 per cent was found at 582 ft per 
sec. 

No attempt has been made to evaluate the effect of change of 
gaging from root to tip. Such an investigation would require a 


Fia. 1 


detailed study of the design of blading used in any individual 
turbine. Such procedure is far beyond the intended scope of the 
author’s paper. The writer wishes merely to call attention to 
this factor as one of the variables whose influence has been 
neglected. 

The determination of the critical conditions is one of the most 
interesting and important contributions in the paper. The 
curves and approximate formulas developed by the author will do 
much to save time and labor in this calculation. The data sup- 
plied are almost the exact reverse of those given in impulse- 
turbine nozzles. There a nozzle of given dimensions is supplied 
with steam of known pressure and quality, and the discharge is 
easily computed. In the present instance a given discharge is 
delivered at a known pressure, but unknown quality, and the 
critical conditions have to be found. A method of successive 
approximations is used. The author shows that a correct solu- 
tion is quickly reached. In fact the first approximation appears 
to be well within the limits of accuracy of the method, but the 
author properly refuses to take this for granted and carries 
through the second approximation, showing that his first assump- 
tions were close to the truth. 

The writer wishes to express appreciation of the paper and to 
welcome it as a valuable contribution to our knowledge of the 
turbine. 


AvuTHOR’s CLOSURE 


The procedure for evaluating steam-turbine vacuum correc- 
tions proposed in the paper was prepared principally for use in 
making economic and heat-balance studies of the kind usually 
undertaken before the purchase of turbines and condensers to 
determine among other data, the vacuum which probably would 
be the most economical and, therefore, the approximate vacuum 
for which the turbines and their condensers should be designed. 

In view of the uncertainty of data other than vacuum correc- 
tions, such as cost data and load curves, which must be estimated 
or assumed for these preliminary studies, it was felt inadvisable 
to introduce refinements that might add much to the complexity 
of the problem of evaluating approximete vacuum corrections 
and yet have but a small influence on final conclusions. For 
this reason, and also because precise data on the design of blades 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


and exhaust hoods are not available usually for preliminary 
studies, the factors to which Professor Dent and Mr. Robinson 
appropriately call attention were ignored. 

Where the necessary data are available and precise results 
are desired, exhaust-hood losses should be calculated and leaving 
losses should be more accurately evaluated taking into account, 
as Professor Dent suggests, variations in gaging from root to 
tip as well as variations in blade speed from root to tip. When 
variations in gaging and in blade speed from root to tip are taken 
into account, the equation for leaving losses takes the form of an 
integral which can be evaluated graphically if it cannot con- 
veniently be evaluated analytically. 

In this connection, it may be well to point out that in evaluat- 
ing vacuum corrections, two leaving losses calculated for differ- 
ent vacua are subtracted and their errors may be compensatory 
to some extent. Table 1 of this discussion shows this to be the 
TABLE 1 ERROR IN CHANGE IN LEAVING LOSSES ACCOM- 


PANYING F CHANGE IN RELATIVE VELOCITY BASED UPON 
ATA PRESENTED BY PROFESSOR DENT* 


Relative 582 850 1000 1100 
Approx. leaving losses, Btu per lb. . 2.48 2.95 4.46 6.00 
Error in leaving losses, per cent... . . 15.50 8.00 3.40 1.60 
Absolute error in leaving losses, Btu 
0.383 0.235 0.151 0.097 
Absolute error in change in leaving ame 0.148 0.232 0.286 
Base 0.084 0.138 
Base 0.054 
Error in cha in leaving losses, Base 1.95 1.75 1.65 
oo cent of increment of relative Base 1.50 1.40 
Base 1.30 


* Increment of ‘omens kinetic energy = [(Terminal rel. vel.)? — (Base 
rel. vel.)?}]/50,000. 


case for the conditions assumed by Professor Dent. It shows 
also, for these conditions, that when leaving losses for two differ- 
ent relative velocities are evaluated at the mean diameter, the 
error in their difference is but a small fraction of the conversion 
of energy required to accelerate the steam from the lower to the 
higher velocity, and therefore may be ignored where approximate 
data are satisfactory. 

In the writer’s sample calculations, if leaving losses had been 
evaluated by taking into account variations in blade speed froin 
root to tip on the assumption that straight blades of constant 
gaging are employed, then the calculated vacuum correction 
factor, Item 58 on page 155 of the paper, would have changed 
from 4.60 per cent to 4.67 per cent under Case 1 and from 1.33 
per cent to 1.38 per cent under Case 2. For the purposes for 
which these estimated vacuum corrections are likely to be used, 
these differences are negligible. 

The foregoing considerations do not in any sense detract from 
the force and value of Professor Dent’s criticisms and sugges- 
tions. For conditions other than those here investigated the 
error introduced by evaluating leaving losses at the mean di- 
ameter may have a greater effect on the vacuum correction; and 
as previously stated, where precise values of leaving losses and 
vacuum corrections are desired, the factors Professor Dent 
discusses should be considered. The author believes, however, 
that where the data needed for evaluating leaving losses pre- 
cisely are not available, his procedure will give approximations 
of vacuum corrections satisfactory for use in preliminary studies. 

The author wishes to thank Professor Dent, Mr. Robinson, 
and Professor Berry for the discussions they have contributed. 
Their points of view and criticisms have helped to clarify the 
intent of the paper and the limitations of the procedure proposed. 
He agrees with Professor Berry that the procedure outlined for 
evaluating vacuum corrections should not be made a part of the 
A.S.M.E. test code. 
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DISCUSSION 


The Psychrograph' 


WarreEN ViessMAN.? The Norris-Westinghouse psychrograph 
chart is ingenious, and its invention is a material contribution 
to the design of air-conditioning installations. 

The recognition and use of the heat-ratio lines of sensible heat 
to total heat through a point of known condition, as a locus of all 
changes of psychrometric conditions of the air under constant- 
heat ratio (as represented by a point on the chart, and as stated in 
the first theorem in the paper) offers an accurate and convenient 
method of determining the saturation temperature of a mixture of 
air leaving the washer, and greatly simplifies the work of the air- 
conditioning engineer. 

The second theorem given in the paper is useful in establishing 
the condition of the air entering the washer, and also the condi- 
tion of the air entering the room, when a by-pass washer with 
make-up air, as shown in Fig. 1 of this discussion is used. The 
straight line connecting the two points covering the conditions 
of the two quantities to be mixed is the locus of all conditions 
of the mixed air. 


D Room 
D. D, 
F E 
> > Washer Fan 
Fic. 1 DtaGrRaM or CONNECTIONS FOR A By-Pass WasHER WITH 


LETTERS CORRESPONDING TO THOSE GIVEN IN ExampLe 5. Fia. 5, 
OF THE PAPER 


The chart as constructed is easily read and of much larger 
scale for the same overall size than the usual chart. The values 
as read from the chart check to within three significant figures 
with those obtained from tables and by calculation. 

In his Fig. 5, the author has solved a typical by-pass air-washer 
problem. The letters on the chart in Fig. 5 of the paper, repre- 
senting conditions at various points, correspond with those on 
Fig. 1 of this discussion. 

In this discussion let C = quantity of air leaving washer, lb 
per min; D, = quantity of room air of condition D recirculating 
and by-passing the washer, lb per min; D, = quantity of room air 
of condition D recirculating and entering the washer, lb per min; 
E = quantity of air entering washer to be conditioned, lb per 
min; F = quantity of outside ventilation air entering washer, 
lb per min; G = quantity of conditioned and recirculated air 
entering the room, lb per min; ¢, = temperature of air 
leaving washer, deg F, dry bulb; tg = temperature of room air 
recirculated, deg F, dry bulb; ¢, = temperature of air entering 
the washer, deg F, dry bulb; , = temperature of outside air, deg 
F, dry bulb; and t, = temperature of air entering room, deg F, 
dry bulb. 

The quantity of conditioned and recirculated air G entering the 
room is determined by the temperature differential desired be- 
tween the entering air and the room air. The quantity of outside 
ventilation air F entering the washer is usually expressed as a 
percentage of G. 


1 Published as paper PRO-57-2, by A. M. Norris, in July, 19365, 
issue of the A.S.M.E. Transaction. 

* Associate Mechanical Engineer, Procurement division, U. S. 
Treasury Department, Washington, D.C. Mem. A.S.M.E. 
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The quantity of air E entering the washer to be conditioned is 


E= Total heat to be removed from room, Btu per hr 
0.24 60 (room wet-bulb temp — 


which is equal to the quantity of air C leaving the air washer, or 
C=E. 

The quantity of room air D, of condition D recirculating and 
by-passing the washer is equal to the quantity of conditioned and 
recirculated air G entering the room minus the quantity of air C 
leaving the washer, or D, = G—C. 

The quantity of room air D, of condition D recirculating and 
entering the washer is equal to the quantity of air Z entering the 
washer to be conditioned minus the quantity of outside ventila- 
tion air F entering the washer, or D, = E — F. Since D, = 
G— D, and D, = E—F, itis seen that D,; + D, = G—F. 

The temperature of the air ¢, leaving the washer is obtained on 
the Norris Psychrograph by the intersection of the heat-ratio line 
through the room condition with the saturation curve, and is 52 F 
in example 5, Fig. 5, of the paper. 

The temperature ¢, of the room air recirculated, the tempera- 
ture t, of the outside air, and the temperature ¢, of the entering air, 
are selected design temperatures. The temperature ¢, of the air 
entering the washer is equal to (Dot, + t,F)/E. 

From the foregoing relationships it is seen that the deter- 
mination of ¢,, the temperature of the air leaving the washer, 
from the Norris Psychrograph readily simplifies a series of rela- 
tionships which otherwise would be more difficult to solve. The 
location of ¢, and t, on the locus lines of the chart immediately 
establishes the condition of the air entering the washer and the air 
entering the room. 

In example 5 given by the author, which is solved in Fig. 5 of 
the paper, the total heat load of the room was 100,000 Btu for 
which 59.1 lb of ventilation air was required. The air recirculated 
through the washer was 118.3 Ib per min. 

The total heat of outside air F entering the washer at 78 F wet 
bulb = 40.64 Btu per Ib, and the total heat of outside air F leav- 
ing the room at t, deg and 50 per cent relative humidity = 30.80 
Btu per lb. Therefore, the heat removed from the ventilation air 
above room temperature = 40.64 — 30.80 = 9.84 Btu per lb. 
Hence, the heat removed per hour = 59.1 X 60 X 9.84 = 35,000 
Btu perhr. The refrigeration required would then be (100,000 + 
35,000) /12,000 = 11.3 tons, which checks with 11.44 obtained by 
the author in his examric 5. 

Again, the total heat of recirculated air D, to the washer = 
30.80 Btu per lb, and the total heat of recirculated air D, from 
the washer at 52 F wet bulb = 21.30 Btu per lb. Therefore, the 
heat removed from the recirculated air D, = 30.80 — 21.30 = 
9.50 Btu per lb, and since 118.3 Ib per min is circulated, the heat 
removed per min = 118.3 X 9.50 = 1130 Btu per min. The total 
heat of outside air F to the-washer at 78 F wet bulb = 40.64 Btu 
per lb, and the total heat of outside air F from the washer at 52 F 
wet bulb = 21.30 Btu per lb. Therefore, the heat removed 
from the outside air F = 40.64 — 21.30 = 19.34 Btu per lb, and 
since 59.1 lb per min pass through the washer, the total heat re- 
moved per minute = 59.1 X 19.34 = 1150 Btu per min. The 
refrigeration required would then be (1130 + 1150)/200 = 11.4, 
which again checks with 11.44 obtained by the author in his 
example 5, Fig. 5. 

The scale on the Norris Psychrograph giving cubic feet per 
pound of dry air and vapor present is useful in changing pounds 
of air to cubic feet for the various conditions when determining 
fan and duct sizes. The determination of air leakage by use of 
the Psychrograph will undoubtedly be of service to operating 
and construction personnel in the locating and the correcting of 
faults in equipment. 


> 
. 4 
> 
a 
gf 
de 
ge 
7 
- 
— 


Btu S S S/ 

s 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


© 


350 


0 
Inches Hg _0.5 


Fig. 2 Mouirer Water-M'xture CHART 


ARNOLD WEISSELBERG.? 


Graphical solutions of air-condition- 
ing problems as recommended by the author are so well estab- 
lished that the merit of such procedure need not be stressed fur- 
ther. 

The need for the development of a new chart, such as the 
author’s Psychrograph, for this purpose is open to question in 
view of the existence of the Mollier water-air-mixture chart which 
accomplishes the same results in just as simple a manner and is 
perhaps more convenient to use because it has only one tempera- 
ture scale compared to three such scales on the author’s Psychro- 
graph. 

In the Mollier chart the marginal scale furnishes the amount of 
total heat per pound of moisture removed, which is another way 
of expressing the ratio of sensible heat to total heat in the author’s 
paper. To make this scale conform exactly to that of the Psy- 
chrograph, it is only necessary to divide the heat content of one 
pound of water at the average temperature of 70 F or 1090 Btu 
by the scale values and deduct the value of the ratio from unity 
in order to express the marginal scale in the percentages of the 
Psychrograph. 

3 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 


The procedure is now the same with both charts, except that 
greater accuracy may be claimed for the Mollier chart, since 
therein the sensible heat of the vapor in the air is also taken into 
consideration. This is shown on Fig. 2 of this discussion wherein 
the writer solves the author’s example 5, which in the paper is 
solved in Fig. 5. 

In the second paragraph of theorem 2 on page 229 of the 
paper, the author states that in case the line joining two points 
crosses the saturation curve, the locus of possible mixtures will 
follow the saturation curve instead of crossing it. The word 
“may” should be used rather than “‘will’’ inasmuch as the author 
himself indicates in the same paragraph that the quality of the 
mixture will be somewhat uncertain. 

In the writer’s opinion the chief value of the paper lies in the 
interesting graphical solution to a variety of problems which are 
especially adapted to demonstrate the advantages of graphical 
treatment of an air-conditioning problem. In that respect the 
author has done an excellent job and the fact that he could have 
used other charts, which, as has been stated in this discussion, 
are at least as good for the purpose, appears to be of secondary 
importance. 
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Fatigue of Shafts at Fitted Members, With a 


Related Photoelastic Analysis 


This paper deals primarily with the fatigue of shafts 
with press-fitted members, a problem frequently arising 
in connection with rotating machinery involving gears, 
wheels, couplings, rotors, etc. Failures at the edge of 
fitted members are not uncommon in practice. A survey 
is made of existing data, after which a report of fatigue 
tests on the press-fit problem carried out at the Westing- 
house Research Laboratories is given. A related photo- 
elastic investigation and stress analysis is also reported. 
Practical expedients for increasing the strength of shafts 
with fitted members are given. Suggestions for future 
research along the foregoing lines are made throughout 
the paper. 


A LTHOUGH nearly all shafting carries such machine ele- 
ments as gears, pulleys, wheels, couplings, rotors, etc., but 
few data have been available on which to estimate the 

effect of these members on the endurance strength of the shaft, 

with the result that sometimes rather surprising failures occur. 

A report by Dr. Kiihnel of the German State Railways lists, 
in Table 1, twenty-three fatigue failures of axles at the wheel 
fit. From tests of specimens taken from the broken axles, 
it was concluded that the physical properties were such as to 
correspond to normal material of that type. Recent researches 
have shown that in the case of a shaft subjected to alternating 
stresses a press fit introduces a combined stress-concentration 
and rubbing-corrosion effect of such magnitude as to weaken the 
shaft to a degree not generally suspected. Hence the surprising 
failures in perfectly normal material. It is proposed in this paper 
to review the available data, contained chiefly in two German 


1 Manager, Mechanics Division, Westinghouse Research Labora- 
tories. Assoc-Mem. A.S.M.E. Mr. Peterson received his B.S. in 
méchanical engineering from the University of Illinois in 1925, and 
one year later his M.S. in theoretical and applied mechanics from the 
same institution. In September, 1926, he entered the employ of the 
Westinghouse Company in the railway-motor engineering depart- 
ment, and in January, 1928, was transferred to the research depart- 
ment. During 1926-1929 he was also part-time instructor in ana- 
lytical mechanics and strength of materials at Carnegie Institute of 
Technology. In 1930 he was made section engineer in charge of 
strength of materials, Westinghouse Research Laboratories, and in 
1931 was appointed to his present position. 

2 Westinghouse Research Laboratories. Assoc-Mem. A.S.M.E. 
Dr. Wahl received his education at Grinnell College and Iowa State 
College, being graduated from the mechanical engineering course of 
the latter in 1925. He then entered the employ of the Westinghouse 
Electric & Manufacturing Company as a graduate student. In 1927 
he received his M.S. and in 1932 his Ph.D. degree from the Uni- 
versity of Pittsburgh. Since 1926 he has been engaged at the 
research laboratories of the company on problems of applied 
mechanics, particularly in the field of stress analysis. He was the 
recipient of the 1929 A.S.M.E. Junior Award. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., December 3 to 7, 1934, of 
Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until May 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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publications, and then to supplement this by a report of similar 
work carried out intermittently over a period of years at the 
Westinghouse Research Laboratories. The photoelastic study 
and stress analysis were made quite recently in an attempt to 
explain some of the observed effects. 


OF PuBLISHED DaTAa 


Fatigue tests by Kiihnel* as given in Table 2, showed that a 
shaft with a press-fitted collar had but 56 per cent of the endur- 
ance strength of a shaft with a large contour radius, i.e., prac- 
tically no stress concentration in the latter case corresponding 
approximately to the ordinary “endurance limit.” Specimens 
having the same contour as the press-fit specimens, but cut from 
a solid bar, Table 2, gave the same endurance limit as the press- 
fit specimens. 

In Table 3, results are shown of tests made at the Darmstadt 
Materials Testing Laboratory.‘ Here again it will be noticed 
that a shaft with a press-fit member had only about half the en- 
durance strength of the shaft material without stress concentra- 
tion. It is of interest to note that the “obvious” expedient of 
rounding the sharp corner, shown at 7 and 8, Table 3, was not 
very effective in raising the strength, particularly as compared 
with a groove turned in the face of the collar, 5. It is further 
apparent, from 4, that rolling of the shaft surface increased the 
press-fit strength to a surprising degree, and when this expedient 
was combined with grooving the hub face, 6, full shaft strength 
was obtained. It should also be mentioned that other methods 
of increasing surface strength, such as case hardening and nitrid- 
ing, were also very effective in increasing the press-fit endurance 
strength (not shown in Table 3 since complete endurance-limit 
data were not available). 


WEstINGHOUsE Tests or Firrep MEMBERS 


An investigation of the fatigue of shafts with press-fitted collars 
was started at the Westinghouse Research Laboratories in Janu- 
ary 1931 in connection with the design of shafts for motors and 
gears. It was felt at that time that three of the main effects 
present in the press-fit fatigue problem were: stress concentra- 
tion, a three-dimensional stress system, and rubbing corrosion,‘ 
and that the tests should include some study of separate variables 
if possible. Three series were decided on as follows: (a) Heavy 
press fit; (6) very light press fit; (c) solid specimen of same out- 
line dimension as press-fit specimen. In (b) the pressure variable 
is practically eliminated, or at least reduced to small magnitude, 
although bending may introduce some increase of stress at the 
corners in this case, and in (c) pressure and rubbing-corrosion 
effects are not present. The aforementioned program included 
series 1-5 in Table 5, while series 6 and 7 were added quite re- 


3“*Achsbriiche bei Eisenbahnfahrzeugen und ihre Ursachen,” 
by R. Kithnel, Stahl und Eisen, Oct. 6, 1932, vol. 40, p. 965. 

4“Der Einfluss von Einspann- und Kraftangriffsstellen auf die 
Dauerhaltbarkeit der Konstruktionen,” by A. Thum and F. Wunder- 
lich, Zeit. V.D.I., Aug. 5, 1933, vol. 77, no. 31. 

’ By rubbing corrosion is meant the oxidation of steel surfaces in 
contact due to a microscopic oscillating sliding relative motion. 
See ‘‘The Rusting of Steel Surfaces in Contact,” by Tomlinson, 
Proc. Royal Soc., A., 1922, vol. 115, p. 472. 
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TABLE 1 TEST RESULTS FROM AXLES BROKEN AT WHEEL FIT IN SERVICE 
(Kihnel—German State Railways) 
Physical properties 
Elonga- No. of Fatigue 
bs Year Chemical composition tion Ultimate Endurance Impact repeated portion 
° Year of fail- per cent per Yield str. strength, limit, value,! im- of cross- 
service supplied ure Cc Si Mn P NS] cent lb/sq in. lb/sqin. Ib/sqin. m-kg/sqin. pacts? section 
Older Material 
1 Freight car 1884 1928 0.14 Trace 0.48 0.10 0.05 3-32 44000-48000 53000-68000 sc 0.7-9.0 oe 1/10 
2 Freight car 1888 1927 0.28 Trace 1.15 0.11 0.08 21-26 43000-47000 78000-82000 37000 0.8-3.2 5300 1/5 
3 Beer car 1882 1929 0.26 0.19 0.48 0.10 0.06 25-27 36000-37000 63000-64000 30000 1.7-3.7 4500 1/5 
4 Freight car 1900 1929 0.40 0.15 0.49 0.09 0.04 15-22 43000-45000 84000-85000 33000 1.4-1.8 6000 1/4 
5 Baggage car 1886 1929 0.37 0.17 0.56 0.10 0.07 25-27 41000-43000 77000-78000 34000 4.0-4.3 6200 1/20 
6 Freight car 1882 1929 0.13 Trace 0.46 0.15 0.05 2-28 41000 50000-64000 37000 0.9-3.7 3800 1/50 
7 Freight car 1898 1930 0.29 0.06 0.20 0.09 0.04 24-28 45000-48000 81000-85000 34000 0.9-2.4 8000 1/20 
Newer Material 
10 ~=«*Frreight car 1910 1927 0.26 0.17 0.76 0.02 0.08 26-27 37000-38000 72000-75000 30000 4.7-5.6 8000 1/208 
11 Locomotive 1910 1927 0.44 0.31 0.44 0.01 0.03 25-31 36000-37000 78000 30000 4.2-5.3 6700 3/4 
12 Freight car ? 1927 28-29 8000 75000-77000 1/4 
13 Freight car 1904 1927 0.27 0.26 1.15 0.04 0.03 29-30 44000-45000 75000-78000 36000 4.0-6.9 7700 1/10 
14 Passenger car ? 1928 0.40 0.20 0.05 0.04 0.03 27-34 40000 73000-74000 31000 6.2-6.8 53000 1/20 
15 Freight car 1903 1928 24-27 45000-48000 84000-85000 1/204 
17 Freight car 1902 1928 0.51 0.36 0.60 0.01 0.05 28-29 27000-40000 74000-77000 31000 5.3-5.6 5000 & 
1/35 
18 Freight car 1916 1928 28-30 40000 71000-72000 1/20 
19 += Freight car 1902 1929 0.41 0.23 0.64 0.04 0.03 27-29 40000-43000 74000-77000 30000 5.4-5.9 8900 “ho 
105 
20 = Sleeping car 1904 1929 0.42 0.35 0.60 0.03 0.03 28-29 40000-41000 74000-77000 31000 4.8-5.7 7200 3/4 
22 Freight car ? 1930 0.46 0.24 0.62 0.05 0.04 29-30 36000-37000 74000-77000 30000 1.5-2.3 7200 1/10 
23 Driving car ? 1930 ee 24-27 41000-44000 78000-81000 1.8-4.1 4/5 
Crack diavovered une With 15 mm diameter notched specimen. 7.51 3 ENDURANCE STRENGTH OF FITTED SPECIMENS 


4 Crack. 
5 Cracks on opposite sides. 


TABLE 2 SELECTED FATIGUE-TEST DATA CONCERNING 
PRESS-FIT PROBLEMS 


(Kihnel—German State Railways) 


ENDURANCE STRENGTH 
NO] TYPE OF SPECIMEN | Las/sa IN. ENDURANCE. CONCENTRAT- 
LIMIT FACTOR’ 
33000 | ~100 
2 18500 56 1.8 
Ad) 
1° 18500 56 1.8 


HLA 


MEN WIT A 
LIMIT WITH STRESS CO NTRATION PAI 


@=STRESS CONCENTRATION FACTOR K= N 


cently as a result of the publication of the interesting results ob- 
tained at Darmstadt‘ on grooving and rolling. In planning the 
tests cited it was decided to use as large specimens as feasible 
in order to obtain 9s accurate a fit allowance as possible. The 
equipment available’ permitted the use of a 15/s in. shaft diame- 
ter, allowing for the weakening effect of the press fit. The ma- 
terial used for both shafts and collars was medium carbon axle 
steel, 0.42 per cent C, the properties of which are given in Table 5. 


® More recent tests have shown the desirability of using as large 
specimens as possible for any fatigue tests involving stress concen- 
tration, since small specimens show relatively low stress-concentra- 
tion effect in some cases while large specimens tend to show higher 
stress-concentration effect approaching thecretical values as a seem- 
ingly general tendency. Data are given in ‘‘Model Testing as Ap- 
plied to Strength of Materials,’’ by R. E. Peterson, Trans. A.S.M.E., 
1933, vol. 55, paper APM-55-11, p. 79. 

7 For description of large testing machine used, see ‘‘Fatigue Tests 
of Large Specimens,” by R. E. Peterson, Proc. Am. Soc. for Testing 
Materials, 1929, vol. 29, part II, p. 371. 


(Darmstadt Materials Testing Laboratory—Thum and Wunderlich) 


MATERIAL FIT ENDURANCE STRENGTH 
PRESS- ORDINARY STRESS 
TYPE OF man*}coccan | URE | REMARKS bes | ENDURANCE COnCEN- 
85/SQIN $Q. IN. Men 
NOT! 
3 30000 22000 33 
6 - " ++ [ROLLED SURFACE | 43000 103 
" ” r= 0.12 1”. | 26000 62 
MARDENED| WOT 
10 BUSHING | KNOWN 19000 2.2 
" PERTINAX” | 1300 36000 
| 19000 28000 »” 26 
13 | | 17000 20000 87 
4 12000 29000 60 
15 — 19000] was 2 


SPECIMEN 0.55" DIA. - SURFACE GROUND 


b STRESS CONCENTRATION FACTOR K* QADINARY ENOURANCE LIMIT WITH LARGE CONTOUR STRESS TRATION AT CRITICAL SEC. 


C- 0.29% Sid 0.55 0.02% P 50.03 
YIELO STR.-54000 L8S/SQIN SULT. STR.-95000 LBS/ 
ELONGATION - 22% 

ST. C 10.61 SPECIFICATION (VDE WERKSTOFF HANDBUCH DIN 1661): 0.06-0.13 % C5 9.5*4 MN(MAK); 
0.35 % (MAX): ULT. STR. -54000 LBS/SQ.IN. ELONGATION ~ 21 Y (MIN) 


MOLDED COMPOSITION MATERIAL (NON-METALUC) 

f- yon 35 (ven HANDBUCH 0.25-0.40 0.35% Si(MAKIS 
0.4.-0.8 0.55-0.05 % Cr; 3.25-3.75 NCHED AW 
TEST DATA: YIELD. $TR.-136000 LOS/SQ.1N.3 UL ENDURANCE 
LIMIT- 73000 LBS/SQ. IN. i 

G- STC 16.61 SPECIFICATION (VDE WERKSTOFF HANDBUCH DIN 1661): 0.11- 0.18 96 C5 0.4 96 MN (MAX): 
0.35 % Si(MAX). ANNEALED 650°C. TEST DATA: YIELD STR.- 45000 STR ~ 
62000 LBS/50.1N. ENDURANCE LIMIT -35000 L85/SQ. 

h- C. STEEL RECEIVED, TEST DATA:- YIELD STR.-55000 LBS ULT. STR.~ 67000 


INS ENDURANCE LIMIT-41000 IN 
The specimen dimensions are given in Fig. 1. 
the test set-up. 

The collar bore and the critical shaft diameter were accurately 
machined to give the desired press-fit allowance. In connection 
with series 6 and 7, careful measurements of the diameters were 
made. With exception of series 1 the pressing was done in a hy- 
draulic testing machine, so that accurate data on the axial load 
during pressing were obtained as given in Table 4. From these 
two sets of data it has been possible to estimate the average radial 
pressure by two independent methods. Making use of the axial 
pressing load 


JENOURANCE LIMIT-41000 IN. 


Fig. 2 is a view of 
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where p = radial pressure, lb per sq in. 
P = pressing load, lb 
d = shaft diameter, in. 
l = length of collar, in. 
mu = coefficient of friction 


The only doubtful factor is the coefficient of friction. Asa re- 
sult of a literature survey together with extensive data of his own, 
Baugher® concluded that, ‘a general average of coefficient of 
friction realized when pressing in shafts would be probably in the 
neighborhood of 0.15...’ This value was used in calculating 
the pressures given in column 5 of Table 4. 


TABLE 4 DATA ON PRESS-FIT PRESSURES 


Differ- Avg. radial pressure, 
Press encein ————lb/sq in. — 
Specimen load, diam, Caled. from Caled. from 
Series No. Ib in. Eq. [1] Eq. [2] 
2 2-1 16000 14000 
Heavy 2-2 21300 18000 
fit 2-5 17000 15000 
plain 2-6 19500 17000 
3 3-1 100 90 
Light fit 3-2 1000 900 
plain 3-4 100 90 
6 6-1 14000 0.0018 13000 13000 
Heavy fit 6-2 13000 0.0017 12000 12000 
grooved 6-32 14000 0.0014 13000 10000 
7 46 14000 0.0015 12000 11000 
Heavy fit 5d 8500 0.0017 7400 12000 
grooved 6¢ 9000 0.0006 8000 4200 
(shaft 7e 5500 0.0011 6000 8000 
surface 8¢ 4500 0.0009 4000 6500 
rolled) Od 6000 0.0004 5000 3000 


@ Shaft galled in pened (19000). 
6 Flat roller P = 800 lb 

in. contour radius ‘roller P = 400 Ib. 
4 1'/: in. contour radius roller P = 800 ib. 


TABLE 5 ENDURANCE STRENGTH OF FITTED SPECIMENS 
(Westinghouse Research Laboratories) 


MATERIAL _ FIT ENOURANCE STRENGTH 
INO| TYPE OF PRESS-| REMARKS sratss 
FIT COLLAR. URE PER SRaniow 
Lasso. 50.1". see FOOTNOTES) 
pid C. c.| MOT 1:14 | 21600 
6 312000 " |18700 s9 
7| meooe | suarace 13 
OIA (SEE 


€-0.42 AC, 0.62% MN» 01S % Sis 0.028%S, 


@ PROBABLY LESS THAN 5000 in, (SEE IN PAPER) 
(Endurance Limit = 31,700 lb per sq in.) 


The other method is to make use of the difference of measured 
diameters in connection with the Lamé equation® 


[2] 


where f = difference in diameters, in. 
D = diameter of collar, in. 
E = modulus of elasticity, lb per sq in. 
Other notation as for Equation [1]. 


The calculated values for the cases where measurements were 
made are given in column 6 of Table 4. It will be seen that while 


§ “Transmission of Torque by Means of Press and Shrink Fits,” 
by J. W. Baugher, Trans. A.S.M.E., 1931, vol. 53, paper MSP-53-10, 
p. 85. 

® “Strength of Materials,’ by S. Timoshenko, D. Van Nostrand 
Co., vol. 2, p. 535. 
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the agreement between the results of the two methods is not by 
any means exact, yet if one considers the assumptions made and 
the inherent inaccuracies involved, the agreement seems quite 


reasonable. The widest discrepancies occurin connection with the 
a 
| | 
2 4 3 
445 


Fie. 1 Press-Fir Test Specimen 


rolled shafts and this may be due to the fact that some of these 
surfaces were slightly wavy due to plastic flow, so that the co- 
efficient of friction was probably quite different from the assumed 
value. It should also be mentioned that some difficulty was en- 


Fie. 2 Fatigur Test Set-Up (Groovep CoLiar) 


countered in pressing the plain collars on to the shafts due to the 
relatively sharp collar edge, resulting in higher pressing loads and 
in severe load fluctuations. This also rendered the subsequent 
radial-pressure calculations of doubtful accuracy. The grooved 
collars, however, pressed on to the shafts smoothly. In all cases 
a light mineral oil'® was used as a lubricant in the pressing opera- 
tion. 

With regard to the surface rolling of fatigue specimens, con- 
siderable work done in German laboratories" has shown that the 
ordinary endurance limit can be increased 5 to 30 per cent, depend- 
ing on material, by rolling under sufficient pressure to deform the 
surface plastically. This expedient, as mentioned previously,‘ 
was also found to be particularly effective in raising the endur- 
ance strength of press fits. 

Fig. 3 is a drawing of the rolling apparatus used in connection 
with the Westinghouse tests. Fig. 4 is a view of the rolling ap- 
paratus in position. The specimen to be rolled is set up in a 
lathe and rotated slowly while the roll frame, being in equilib- 
rium with respect to normal forces, is easily held against friction 
torque from rotating. By exerting sufficient lateral pressure 
against the frame it can also be caused to travel slowly in an 


10 Viscosity, 200 sec (Saybolt) at 100 F. 

11 Driicken der Oberfliche von Bauteilen aus Stahl,” O. 
Foéppl, Stahl und Eisen, vol. 49, 1929, p. 575. See also publications 
of Wohler Institut, Braunschweig, for later work, especially no. 6, 
Oberfliichendriicken zur Erhéhung der Drehschwingungsfestig- 
keit,” by P. Behrens. For an English article covering part of the 
Wohler Institut work see ‘‘Cold Rolling Raises Endurance Limit,” by 
G. S. Heydekampf, Iron Age, Sept. 18, 1930, p. 775. 
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Hoersch'* then, for example, 
for a load of 400 lb a maxi- 
mum stress of 320,000 lb per sq 
in. is obtained. It is of course 
obvious that no such stress is 
reached, but that plastic defor- 
mation occurs, so that increas- 
ing the load results mainly in 
increasing the depth of the 
plastic region. Measurements 
of diameter before and after 
rolling showed that for a load 
of 400 lb the decrease was ap- 


proximately 0.0008-0.0010 in. 

With regard to the reason 
for the increase of fatigue 
strength due to rolling, con- 
siderable difference of opinion 
exists..4 Prof. O. Féppl, of 
Wohler Institut, Braunschweig, 


attributesthe increase of fatigue 
strength to a fundamental 
change in the material in the 


Fie. 3 APPARATUS FOR ROLLING FaTiGuE SPECIMENS 


axial direction along the specimen; for high rolling pressures, a 
power feed for traversing is desirable. The rollers are made from 
ball bearings, the outer surface being ground to a 1'/;-in. con- 
tour radius™ to obviate a “digging in” action which previously 


Fie. Apparatus IN Position 


tended to occur during axial traverse. The desired roller pressure 
is readily obtained by turning nuts N, Fig. 3, until the calibrated 
springs S are the proper length. 

The roller load used in preparing series 7 was 400 lb. Two 
additional specimens were rolled with 800-Ib load. If one calcu- 
lates stresses according to the elasticity equations of Thomas and 


12 One test was made of a specimen rolled with flat rollers, Fig. 5; 
all others were rolled with 11/:-in. contour radius roller. 


outer layer of the specimen due 
to rolling, resulting in a denser 
material having a closer and 
differently oriented molecular 
structure, a changed micro- 
structure, and a somewhat 
higher specific weight. Prof. A. Thum, of Darmstadt, believes 
that the increase is due to favorable residual compressive stresses 
at the surface as a result of rolling. It is not inconceivable that 
both effects are present. Further research with an attempt to 
isolate the above variables would be interesting and illuminating. 


Discussion oF FatiavE REsv.ts 


The results of the Westinghouse fatigue tests are shown in 
Fig. 5 and summarized in Table 5. It will be noticed that all re- 
sults are compared with the ordinary endurance limit of 0.3-inch- 
diameter beam specimens of the shaft material, 31,700 lb per 
sqin. Previous size-effect tests without stress-concentration effect 
of steel purchased under the same specification showed that the 
effect, if any, was not large.® 

In Table 5 as well as Tables 2 and 3, fatigue-stress-concentra- 
tion factors K, as ordinarily defined and as used in design formu- 
las, are given. 

K= 
Ordinary endurance limit of specimen with large contour radius 
Endurance limit with stress concentration at critical section 


In the press-fit tests where not only stress concentration is in- 
volved, but also a rubbing-corrosion effect, the term “fatigue- 
stress-concentration factor’’ is not an accurate one, but since we 
could not find a better term it was decided that for this paper we 
would adhere to “fatigue-stress-concentration factor,’ defined 
as follows in the press-fit case: 


io 
Ordinary endurance limit of specimen with large contour radius 


M 
d . . 
Endurance limit of press-fit specimen (s re 73 5) 


13 “Stresses Due to the Pressure of One Elastic Solid Upon An- 
other,” by H. R. Thomas and V. A. Hoersch, Univ. of Illinois Exp. 
Sta. Bulletin No. 212. 

14 See for example the published letters of O. Féppl and A. Thum 
under the heading ‘“‘Steigerung der Dauerhaltbarkeit durch Ober- 


. flachendrucken” in Zeit. V.DI., vol. 77, 1933, p. 1335. 
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Comparing series 2 of Table 5 with the 40000 T 
German results given in Tables 2 and 3, it | 
will be noticed that the decrease in endur- 38000 LI = 
ance strength is of the same order for all ADINARY BEAM SPECIMENS | 
cases, roughly about half. One might expect ‘ | 
that the difference between 50 per cent, = =a | 

Westinghouse tests, and 55 per cent, Darm- g 
stadt tests, might be greater because of size 25000 DRESS FIT -GROOVED-ROLLED =400 LBS) 
effect,® the Westinghouse specimens being PRESS FITS 
15/s in. in diameter and the Darmstadt speci- 3 » | PLAIN PRESS FIT r=SMALL 

mens 0.55 in. in diameter. Thisis probably 7 | 
due to the fact that the 0.42 per cent C 3 
1 used in the Westinghouse tests is less 

sensitive to stress-concentration effects in “ | 
fatigue than the 0.57 per cent C steel used — 3 10000 7 
in the Darmstadt tests. 2 | | 

Comparing series 2 and 3, it is apparent * se = 
that radial pressure is an important variable. | | | 
As was pointed out in discussing the origi- e | | | 
nal test plans, the heavy press fit involves: 200,000 1200,000° 0,000,000 


stress concentration, a three-dimensional 
stress system at the point of failure, and 
rubbing corrosion.’ The very light press fit 
involves mainly rubbing corrosion, with possibly some stress in- 
crease at the corners due to bending. It would therefore appear 
that the decrease in endurance strength of an ordinary heavy 
press fit is due to a localized stress system acting on a material 
weakened by rubbing corrosion. 

In connection with rubbing corrosion, a fatigue test was made 
with the press-fitted collar and adjacent shaft portions completely 
packed in heavy grease, the idea being to exclude air in an at- 
tempt to prevent rubbing corrosion. It was found that the life 
was not effectively prolonged and that rubbing corrosion had 
occurred. It would be interesting to run small press-fit fatigue 
specimens in a neutral atmosphere to see how rubbing corrosion 
is modified. In this connection the tests of wear of metals in 
various atmospheres being carried out at the National Bureau 
of Standards will be of interest. 

In Fig. 6 a plot of all available radial-pressure data as affecting 
endurance strength is shown. In the case of the Darmstadt 
tests, it appears that over a wide range the endurance strength 
is independent of pressure. This is probably because a condition 
of yielding has been reached at the surface of the collar, in which 
case the maximum stress peak no longer increases with increase 
of allowance. In Fig. 6 dotted lines have been drawn toward 
zero pressure to connect up with the ordinary endurance limits. 
With the limited data available the form of these curves is not 
definitely known, but it seems reasonable to assume that their 
general shape would be such as indicated. 

Returning to Table 5, one might expect that series 1 would 
show an even lower endurance limit than series 2, because of size 
effect. The difference may be due to two reasons. The pressure 
in the case of series 1, although not determined, was probably 
less than 5000 lb per sq in. (estimated from Equation [2]) because 
the collar is a relatively thin one for the customary maximum al- 
lowance of 0.001 inch per inch of diameter. The length of fit in 
series 1 is much shorter in proportion to the shaft diameter 
than in series 2, thus decreasing considerably the stress con- 
centration due to bending. 

The solid specimens of the same contour as the press-fit speci- 
mens were included in the original program in order to throw 
some light on the relative stress-concentration effects. The 
endurance strength of the solid comparison specimens, series 4, 
Table 5, was found to be 14,000 Ib per sq in., somewhat lower 
than the corresponding value of the heavy press fit, 15,800 Ib per 
sq in. Some comments will be made on the relation of these 


NUMBER OF CYCLES TO FAILURE -LOG SCALE 


Fie. 5 Faticur-Test Data or Press-Fit INVESTIGATION 
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Fie. 6 Errect or Press-Fir PressurE oN ENDURANCE STRENGTH 


values in connection with the photoelastic analysis described 
later in the paper. Due to a mistake a series of “solid” speci- 
mens was made with a small outside diameter, 1!5/1 in., series 5, 
but the results are interesting so the data are included in Fig. 5 
and Table 5. The endurance strength was found to be 16,500 
lb per sq in. as compared with 14,000 for the larger outside diame- 
ter specimens. The difference is apparently due only to differ- 
ence in stress concentration, and should be readily shown photo- 
elastically. 

With regard to the grooved construction, the Darmstadt 
tests, Table 3, series 5, showed a 31 per cent increase over the 


) 
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plain press fit, which is the usual construction of this type en- 
countered in practice; while our tests, Table 5, series 6, showed 
an 18 per cent increase. The comparative figures do not seem 
unreasonable if one considers the difference in materials and 
specimens, and furthermore demonstrate definitely that the 
grooved construction is worth considering for certain design ap- 
plications. A study of the form and size of the groove lip might 
result in some further increase in strength although practical 
limitations must be considered in this connection also; for 
example, one cannot make the lip so thin that special precautions 
in handling will be necessary. 

By combining grooving and roiling the German investigators 
were able to obtain full shaft strength, failure occurring away from 
the press fit, Table 3, series 6. Their rolling pressures were not 


Fic. 7 FRactrurEeD SPECIMENS 


{(a) Plain press fit (heavy pressure); Q “Solid’’ specimen of same contour 
as (a). 


stated,‘ so an independent study of this variable was started. 
This would be advisable in any case since the larger specimens 
to be comparable, would require heavier rolling loads to produce 
greater depth of plastic flow. The first rolling load selected, P 
= 400 Ib, resulted in a 50 per cent improvement of endurance 
strength as compared with the plain press fit, Table 5, series 7, 
compared with series 2. A specimen rolled with P = 800 lb did 
not fail at a stress of 26,500 lb per sq in., the test being stopped 
at 41,000,000 cycles. A second specimen also rolled with P = 
800 Ib but stressed at 29,000 Ib per sq in. had run 29,000,000 
cycles without failure at the time this paper was sent in, indicating 
that an increase of at least 84 per cent can be obtained as com- 
pared with the plain press fit. Another way of looking at this 
result is to compare 29,000 with 31,800 (the endurance limit of 
the material) and it will be seen that rolling with P = 800 lb 
raises the endurance strength of a shaft with a grooved collar to 
within at least 9 per cent of the endurance limit of the shaft ma- 
terial. There seems no doubt but that full shaft endurance 
strength can be obtained by a combination of grooving and roll- 
ing of sufficient intensity. 

Strictly speaking, the stress-concentration factor for series 7 
should have been obtained by comparison with the endurance 
strength of a rolled-beam specimen, without collar. Such tests 
were not made, however, but it would be interesting to know if 
the stress-concentration factor agrees with that of series 6. The 
same comment applies to series 4 and 6 of Table 3. 

The typical appearance of the fractured surfaces of a plain 
press-fit specimen, series 2, and a “solid” specimen, series 4, is 
shown in Fig. 7. The “solid” specimens had totally enclosed 
well-defined rupture areas displaced from the axis, as is customary 
in specimens of this kind.'* The press-fit specimens, however, 

16 The radial displacement depends on the stress. See “Stress 


Concentration Phenomena in Fatigue of Metals,” R. E. Peterson, 
Trans. A.S.M.E., 1933, vol. 55, paper APM-55-19, p. 157. 


JOURNAL OF APPLIED MECHANICS 


showed irregular rupture areas, some of which were totally en- 
closed, some segmental in form, but as a whole not following any 
clear-cut order. This is to be expected since due to small surface 
irregularities the pressure actually is not perfectly uniform and 
consequently the edge stresses must vary somewhat around the 
periphery. “Beach marks’! were quite pronounced on the 
fracture surfaces of the press-fit specimens, showing that cracks 
originate at a number of places on the periphery. 

Failure generally started on the shaft surface inside the press 
fit, varying from 0.02 in. to 0.25 in. from the edge of the collar, 
except in the case of two highly stressed rolled specimens, break- 
ing at 224,000 and 313,000 cycles, where failure started right at 
the edge. The explanation may be as follows. In press-fit 
tests, rubbing corrosion causes considerable reddish brown oxide 
powder to accumulate at the edge of the collar fit after the test 
has been run for some time. This may be considered equivalent 
to the wearing away of some of the material for a distance in from 
the edge, with a consequent shift of peak stress. In the case of 
the highly stressed specimens, the total life was only 3 to 41/; hr 
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so that the opportunity for corrosion and wear was not the same 
as in the other specimens which lasted over 1,000,000 cycles. 


Tests AND LATERAL-STRAIN MEASUREMENTS 


In order to simulate the stress conditions occurring in press 
fits, some tests were made using an arrangement shown schemati- 
cally in Fig. 8. Essentially it consists of a flat bar of bakelite 
A representing the shaft, which is squeezed between two flat 
bakelite pieces B, B’, representing the hub or collar to simulate 
the press-fit pressures produced by the fit allowance. Loads on 
these blocks are produced by the calibrated spring as indicated, 
while a pin C attached to the frame allows the two blocks to 
adjust themselves to compensate for slight inaccuracies in ma- 
chining. Bending moments are produced by the loads shown to 
simulate the conditions of a shaft subjected to the combined ac- 
tion of a press-fit pressure produced by a collar and an alternating 
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bending stress. Fig. 9 is a view of the complete apparatus in 
the testing machine. 

To determine the principal stress differences, photoelastic tests 
were made by means of this apparatus in conjunction with the 
well-known fringe method'* (monochromatic light being used). 
The photoelastic specimens were made of C-25 bakelite plates 
approximately 0.34 in. thick. In machining these specimens, light 
cuts were taken in a milling machine and the final 0.001 in. or so 
was ground off using a surface grinder. This was done in order 
to eliminate, as far as possible, irregularities along the contact 
surfaces, since tests using the lateral extensometer described 
later showed that very slight irregularities, of the order of 0.0005 
in. in 2-in. length, had a marked effect on the stress distribution. 

Because of the relatively large size of the photoelastic model 
it was found advisable to take four fringe photographs and fit 
them together as indicated, for example, in Fig. 11. The follow- 
ing different cases were tested: 

Case 1. Plain Press Fit. In this case, shown in Fig. 10a a 
nominal press-fit pressure of 1480 lb per sq in. and a nominal 
bending stress of 2020 lb per sq in. were used. The 
stress conditions in this test correspond approximately to the 
fatigue tests wherein the nominal bending stress at the endurance 
limit was about one-third greater than the nominal compressive 
stress due to the press-fit pressure. Fig. 11 comprises the com- 
bined fringe photographs for this case. 

Case 2. Plain Press Fit With Edge Beveled Off, the Nominal 
Stresses Being as in Case 1. In this case, shown in Fig. 10c¢, the 
bevel was made by taking a very light cut, as shown, to simulate 
the wear which occurs at the edge due to rubbing corrosion under 
continuous fatigue stressing. Fig. 12 is a photograph for this 
case. ‘ 

Case 3. Press Fit With Grooved Construction, the Nominal 
Stresses as in Case 1. This piece, Fig. 10b, was tested to de- 
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GATION 


termine the effect of the groove in reducing the stress concen- 
tration; Fig. 13 is a fringe photograph representing this case. 
16 Z. Tuzi, Sci. Papers, Inst. Phys. and Chem. Research, Tokyo, 


vol. 8, p. 247, and vol. 12, p. 21. M. M. Frocht, Trans. A.S.M.E., 
1931, vol. 53, paper APM-53-11. 


To determine the sum of the principal stresses, a recently de- 
veloped lateral extensometer’? was used. Referring to Fig. 14, 
the extensometer consists essentially of a frame D and a movable 
bar B, which is constrained to move in a direction parallel with 
its length by the spring steel strips C, C’. These springs exert 
pressure, causing the points P and P’ to bear firmly against the 
specimen, the friction produced by this pressure being sufficient 


Li 


t 


(a) PLAIN PRESS FIT 


Her 


(b) PRESS FIT (GROOVED CONSTRUCTION) 


002" 


(c) PLAIN PRESS FIT WITH BEVEL. 
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to hold the points in one position during the test. Any lateral 
extension or contraction of the specimen will cause a relative 
movement of points P and P’, and hence of the bar B, with re- 
spect to the frame D. This movement is indicated by a Huggen- 
berger extensometer which is clamped as shown. The screw A is 
used mainly for convenience in holding the points in one position 
while shifting the instrument from one location to another on the 
test specimen. Fig. 15 is a photograph of the extensometer 
while Fig. 16 is another view of the instrument in position on the 
test specimen. 

By means of the balancing weight Z shown in Figs. 14 to 16, 
the center of gravity of the instrument may be adjusted to coin- 
cide with the line of action of the resultant force produced by the 
springs, Fig. 16. Since the points P and P’ thus carry practi- 
cally no weight the friction is sufficient to hold them firmly in one 
position during the loading of the specimen. This is of advan- 
tage since if even a small amount of slippage of the points should 


17 A complete discussion of this extensometer will be published 
later. 
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occur, the resulting reading would probably be considerably in 
error due to slight variations in the thickness. If, for example, 
due to this cause, a change of only 0.00005 inch in the distance 
between points P and P’ should occur, a considerable error in the 
extensometer readings would result. It is, of course, necessary 
to load the specimen once for each point at which a lateral-strain 
measurement is made. 


| 


Fig. 11 Fringe PHoroGrapH oF Press Fir 


Fie. 12 Frince PHoroGrapH oF PLAIN Press Fit With BEvEL 


To calibrate the instrument, it was clamaped to a bar of bakelite 
subjected to a known bending moment, from which the stress 
could be computed. As a check it was also clamped to a bar in 
tension. Both of these methods gave practically identical results. 
For bakelite specimens of about 0.34 in. thickness the estimated 
possible error in measuring the lateral strains corresponded to an 
error of less than 100 lb per sq in. in the sum of the principal 
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stresses 7; + o2, which is small compared with the peak value of 
approximately 5000 lb per sq in. registered at certain points. 
Tests were made on specimens corresponding with cases 1 and!3, 
the principal stress sum being measured along the lines of con- 
tact between the hub and the shaft, and also somewhat outside 
these, along the edges. Because of the small size of the exten- 
someter points, it was found possible to take measurements within 
0.03 in. of the edge, and these were considered to be at the edge, 
although this involves some error. The measurements along the 
edge outside the hub were corrected to take this into account (the 
correction amounting to about 4 percent). The taking of several 
measurements near the edge and then extrapolating to the edge 
was tried in a few cases, but it was found that the difference 
amounted to but a few per cent in these cases, and it was felt that 
this small difference did not warrant the extra time and labor 
involved in making a complete set of such measurements. 


Srress ANALYSIS AND CoMPARISON Fatigue Data 


The distribution of the principal stress sums o; + o as found 
by the lateral extensometer along the edge of the bar A, Fig. 8, 
for cases 1 and 3 together with the corresponding stress differ- 


Fie. 13. Fringe PHoroGrapu or Press Fir, Groovep 
CONSTRUCTION 


ences o; — o2 as found by photoelastic tests are shown in Fig. 17 
for the plain press fit, and in Fig. 18 for the press fit with the 
grooved construction. All points on the curves represent the 
averages between values found on the two opposite sides of the 


specimen to eliminate the effect of slight eccentricities of loading 


of the compression blocks B and B’, Fig. 8. In determining the 
peak stresses on the compression side for cases 1 and 2 the ex- 
trapolation method described in a previous publication'* was 
used because of the rapid change in stress difference near these 
points. From the (6: + o2) and (o: — oz) curves, the dotted 
curves representing the distribution of o; and o2 were obtained. 
The o; curves near the corner were drawn to connect with the 
triangular points representing the photoelastic-test results since 
the latter are considered more accurate at these locations than 
are the points representing o: + 0, obtained by means of the 

18 “Stress Concentration Produced by Holes and Notches,” by 


A. M. Wahl and R. Beeuwkes, Trans. A.S.M.E., 1934, vol. 56, paper 
APM-56-11. 
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lateral extensometer. This is because the fairly rapid change in 
the values of o; + o; at such points is not completely followed by 
the change in lateral strain since the finite thickness of the speci- 
men tends to hinder lateral contraction or expansion for a short 
distance from the corner. The directions of the stresses o; and 
o, near the corner are indicated approximately in Figs. 17 and 18. 
It may be seen that at a short distance from thecorner the (0; +42) 
curves approach the (0; — 2) curves within the limits of experi- 
mental error, as they should, since o2 = 0 at these points. This is 
a further check on the accuracy of the lateral-strain measure- 
ments. The complete distribution of the stresses o; and «2 is 
shown to a smaller scale for cases 1 and 3 in Figs. 19 and 20. 
On the tension side these curves may be considered to give a 
rough indication of the variation of axial stresses and normal 
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Fie. 15 Latrerat ExTENSOMETER 


pressures, respectively, along the contact surfaces; on the com- 
pression side, because of the rotation of the principal stress di- 
rections, this correspondence does not exist except near the cor- 
ners. 

The tests made on the specimen of case 2, which represents a 
plain press fit with wear, showed that the stress distribution and 
also the values of peak stresses were not greatly different from the 
corresponding results obtained for the tests on the plain press fit 
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without wear, case 1. Consequently the photoelastic results can 
be considered to represent approximately the fatigue specimens 
even after some rubbing corrosion has taken place. 

In determining the reduction in strength due to the stress con- 
centration produced by the press fit, the maximum-shear theory 
of strength will be taken as a basis,'® i.e., the highest range in 
shearing stress among several planes during a complete cycle of 
bending will be compared with the nominal range of shearing 
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stress as computed from the known moment acting on the test 
specimen. The reason for considering several planes is that 
there is, in general, a rotation of the plane of maximum shearing 
stress during bending. An examination of the isoclinic lines in 
the photoelastic apparatus, however, indicated that for points 
near the edge of the collar where the fatigue failures occur, it 
would be sufficiently accurate to assume the directions of maxi- 
mum shear for the worst conditions at 45 deg to either the radial 
and axial, or to the axial and circumferential directions. (This 
was checked up by calculating the shear-stress range on several 
planes, taking into account the rotation of the principal stress 


19 Dr. H. J. Gough has found from his work on specimens of single 
crystals and aggregates of a few crystals that fatigue fractures are 
initiated along the plane of maximum resolved shearing stress, but 
that failure may proceed across the specimen in another direction, 
depending on the stress disiribution. See his Edgar Marburg Lec- 
ture, ‘Crystalline Structure in Relation to Failure of Metals, Espe- 
cially by Fatigue,”’ Proc. A.S.T.M., 1933, part 2, p. 3. 
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Fig. 18 Stress Distrisution, Press Fit, Groovep ConsTrRucTION 


directions as shown by the isoclinic lines.) Hence, considering 
an actual shaft and assuming ¢; as the stress in the circumferen- 
tial direction, the principal stresses 01, oz, and o3 near the edge of 
the collar may be taken in the axial, radial, and circumferential 
directions, respectively. In addition the further assumption 

20 The von Mises-Hencky distortion-energy theory was also applied 
to this case but the final results did not differ greatly from those ob- 
tained using the maximum-shear theory. Since the directions of the 
principal stresses do not enter into the calculations in the former case 


this indicates that the above assumptions regarding the planes of 
maximum shear are not greatly in error. 


will be made that the circumferential stress ; does not change 
appreciably during bending, this assumption being supported by 
some rough estimates of the deflection produced by the change in 
normal pressure, during bending, on the shaft surface.*! Hence 
the ranges in shearing stress to be considered are those in 7; — o; 
and in o only. 

*! The other extreme assumption, i.e., that o: = os during bending, 
will give a slightly lower stress-concentration factor in the case of the 
notched collar, the difference being only around 8 per cent. It is 


believed that the assumption o; = constant is nearer the truth for an 
actual shaft. 


& 

“Ye 

48 

Sole 

| 

i 

i 

2 

; 


JOURNAL OF APPLIED MECHANICS A-11 


1000-|| | 
2000- Gr (TENSION) 


3000- 


4000- 

pong Gi (COMPRESSION, | 
2000- | mM 


F 


Fie. 19 DistripuTION oF PRINCIPAL STRESSES, 


We thus define the photoelastic stress-concentration factor as 


— 0;)max — min (01) max (01) min 


20 20 


Ky = 


depending on which is larger. In these expressions, ¢ is the nomi- 
nal stress due to bending. Thus for the plain press fit it may be 
shown, as in Fig. 17, that the point giving the highest stress-con- 
centration factor is right at the edge of the collar. For this case, 
where o = 2020 lb per sq in. 


4940 + 2940 


= 1.95 
4040 


Kp 


Likewise for the case of the press fit with the grooved construction 
the worst case was found to be the range in 7; — os which is that 
in o; (oc, being taken constant) at a point approximately 0.1 inch 
from the edge. In this case 


1.34 
4040 


Kp 


Comparing these figures with the fatigue-stress-concentration 
factors obtained in the Darmstadt tests, Table 3, i.e, K = 1.8 
for the plain press fit and 1.4 for the grooved construction, it is 
seen that there is fair agreement. In the case of the Westing- 
house fatigue tests, the values of stress-concentration factors K 
as found, i.e., K = 2.0 and 1.7 for the plain and grooved con- 
structions, respectively, show agreement for the case of the plain 
press fit while the fatigue-test value for the notched con- 
struction is somewhat higher than the photoelastic test value. 

In general, it can be said that the fatigue-stress-concentration 
factors are closer to the photoelastic stress-concentration factors 
than is ordinarily the case. (Usually the former are considerably 
less than the latter.) This may be due to the fact that in a press- 
fit fatigue test, the shaft material at the point of failure is weak- 
ened by rubbing corrosion, and consequently the fatigue-stress- 
concentration factor, which would otherwise be lower, is in- 
creased. 

The reason for the superiority of the grooved construction in 
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the fatigue tests, is clearly shown by Figs. 19 and 20 to be due to 
the elimination of stress peaks at the corners. 

It will be recalled that fatigue tests on a specimen cut out of a 
solid bar and having the same contour as the press-fit specimens 
showed a higher fatigue-stress-concentration factor. A photo- 
elastic test was made to check this and it was found that the 
solid piece with a sharp corner had higher stress concentration 
than did the corresponding press-fit specimen. 


CoNCLUSIONS 


(1) An ordinary press-fit member was found to decrease the 
endurance strength of a shaft to roughly half the endurance limit 
of the shaft material (as determined from specimens without 
stress concentration). This has also been independently found 
at two German laboratories. : 

(2) For very light press-fit pressures the endurance strength 
of a shaft is somewhat higher than for heavy pressures. 

(3) German tests indicate that beyond a certain pressure, the 
endurance strength is independent of pressure. It appears that 
rubbing corrosion is an important factor in reducing endurance 
strength. 

(4) Two expedients for increasing the endurance strength of 
shafts with press-fitted members, i.e., using a grooved construc- 
tion, and rolling the shaft surface, were found to be very effective. 

(5) Photoelastic tests combined with a stress analysis showed 
interesting results of fundamental value. The reason for the 
effectiveness of the grooved construction was shown by photo- 
elastic tests to be due to reduction of stress peaks at the corners. 
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Ordinate Systems for Quadratures Similar 
to Tchebycheff’s Ordinates 


By GEORGE B. KARELITZ,! NEW YORK, N. Y. 


The author presents a geometrical interpretation 
of Tchebycheff’s rule for calculating quadratures and 
shows that other systems of ordinates can be chosen 
which will be as valid as Tchebycheff’s. A system of ordi- 
nates is proposed, the virtue of which lies in the fact that 
the longitudinal lecation of the center of gravity of the 
ship’s lines can be obtained with good accuracy without 
increasing the errors of area calculations. 


) fest architects continually use rules of approximate 
quadrature for computing the displacement and stabil- 
ity of ships. The determination of the various elements 

of hull geometry resolves itself into finding values of curvi- 

linear areas such as shown in Fig. la. The principal rules for 
calculating these ordinates are (a) the trapezoidal, (b) Simpson’s 
rule, and (c) Tchebycheff’s rule. 
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Fie. 1 SHAPE OF A SHrp’s WATER LINE 


The trapezoidal rule requires the base 2/ to be divided into n 
equal parts after which the perpendicular ordinates, yo, y:- 
. +. Ynt+i1, are scaled off at the division points and the seg- 
ments of the curvilinear boundary are replaced by straight lines. 
The area then becomes 


1 Associate Professor, Department of Mechanical Engineering, 
Columbia University. Mem. A.S.M.E. Mr. Karelitz was born 
in Russia in 1895 and received degrees in naval architecture and 
mechanical engineering from the Imperial Polytechnic Institute at 
Petrograd in 1918. For three years he was special engineer with 
the Waterways of Communication in Russia. He came to the United 
States in 1922 and has since been connected with the Westinghouse 
Electric & Manufacturing Company in the capacities of research 
engineer, manager of the mechanics division of the Pittsburgh Re- 
search Laboratories, manager of the transportation division of the 
South Philadelphia Works engineering dupartment, and consulting 
engineer. He began his work at Columbia in 1930. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until May 10, 1935, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


2l 
S= +a + ys... +yn + dynes) 


Simpson’s “first” rule requires the base 2/ to be divided into an 
even number of n equal parts, after which perpendicular ordinates 
are erected and scaled off at the division points, and each pair of 
adjacent segments is replaced by a parabolic segment through 
the three points on the curve. The area can then be expressed 
as: 


2l 
S = (yo + + dys +... + + dyn + 


The trapezoidal rule is accurate to 1/; per cent with 21 ordi- 
nates (I divided into ten parts), and to 0.2 per cent with 41 ordi- 
nates (1 divided into 20 parts). Simpson’s rule is accurate to 
within 0.1 per cent with 21 ordinates, but the rule requires the 
application of multipliers 2and 4. Therefore, much arithmetical 
work is involved for completely computing the displacement and 
stability of a hull. 

Tchebycheff’s rule employs fewer ordinates while giving the 
same high accuracy and because of this advantage is gaining favor 
with naval architects,? especially for stability calculations where 
its usefulness is particularly striking. The ordinates are not, 
however, equidistant, but are taken as listed in Table 1. A 


TABLE 1 TCHEBYCHEFF’S ORDINATES 


Number of Distance from middle of base in fractions 
ordinate of half-lengt 

em 0.57735 

n= 3.. 0 0.70711 

0.18759 0.79465 

0 0.37455 0.83250 

0 0.3239 0.52966 0.88386 

0 0.16791 0.52876 0.60102 0.91159 


The area is S = + +... + um) 


simple geometrical derivation of these coefficients, comparable 
to the geometrical demonstration of the trapezoidal rule and 
Simpson’s rule, has not been given to date. 


TCHEBYCHEFF’S ORDINATES 


Tchebycheff’s derivation* can be interpreted, as shown by 
Kryloff,‘ in the following manner. 


Find Cn, 21, 22, 3. ..2n such that 


+1 
f(x) dx = Cn [f(t1) + +... + f(an)]... [1] 


—1 
will be exact for any function f(z), where 


S(x) = do + + +... + + 
* “The Naval Constructor,”’ by George Simpson, D. Van Nostrand 
Co., New York, 1914. 
3 “Sur les Quadratures,’’ by P. L. Tchebycheff, Journal de Mathe- 
matiques, Liouville, vol. 19, 1874. 
4 “Approximate Calculations,” by A. N. Kryloff, Institute of 
Ways and Communications, Petrograd, 1911. 
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From Equation [1] 
+1 +1 


+ anx”) dz 


a2 


Calf(ar1) + f(t2) +... +f {2] 


n n 
1 1 
1 1 


This holding for any value of ao, a;...dn—1, Gn, (n + 1) equali- 
ties can be written: 


n 
+ + +... + 2n = O 


+ + +...20% = - 


wis 


It will be seen that the system contains n equations, which 
yield the values of 22,. . .2n. 
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The left sides of these equations are symmetrical functions of 
%...2%n. Noting that the sums of equal powers of roots of 
an algebraic equation are expressed rationally through the coef- 
ficients of the equation, we can write an equation 


F(x) = + + +... 4+ An-12+An =0.. [4] 


such that 2; ,..., tn will be its roots. 
To find the coefficients A; ... An, we use the well-known New- 
ton’s formulas’ for like powers of the roots of Equation [4]. 
= 


n n 
1 1 1 


§ “Elementary Theory of Equations,’ by L. E. Dickson, John Wiley 
& Sons, 1914, p. 69, or other algebra manual. 
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we can write: 
Ai+s =0 
2A, + + = 0 
+ 8 Az + + & = 0 
(n— 1)An-1 + + 82 An—-3 +... + 82-1 = 0 
Substituting in these formulas the values of s; . . . . from 


Equations [3] 


A, =0 

n 
A; = 0 

n n 
= 0 
A; = 0 


n n n 
646+ As = 0, ete. 
For each value of n we are able now to set up a function 


F(z) + An =0 
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For various ordinate numbers, this function is given in Table 2. 
The equation for n = 8 gives imaginary roots. The other equa- 


TABLE 2 VALUES OF THE FUNCTION F(z) FOR GIVEN 
ORDINATE NUMBERS 
Ordinate 
numbers Values of the function F(z) 
n=2 £F(z) = z2?—1/3=0 
n=3 z*§—1/2z=0 
n=4 — 2/3 + 1/45 = 0 
n=5 — 5/623 + 7/122 =0 
n=6 26 — xt + 1/5 x? — 1/105 = 0 
n=7 z? — 7/6 x5 + 119/360 z* — 149/6480 z = 0 
n= 8 — 4/3 + 22/45 xt — 148/2835 — 43/42525 = 0 
n=9 — 3/2 2? + 27/40 — 57/560 + 53/22400 = 


TABLE 3 VALUES OF TCHEBYCHEFF'S ORDINATES 


Ordinate 

numbers Values of abscissas 

n=2 = = 0.57735 

n=3 m= —z3 = 0.70711; = 0 

n=4 = = 0.79465; z2 = = 0.18759 

n=5 2m = —zs = 0.83250; zm = —x = 0.37454; zz = 0 

n=6 = —zs = 0.86625; = —zs = 0.42252; = = 
0.26664 

n=7 nm = = 0.88386; = = 0.52966; = = 
0.32391; = 0 

n=9 = 0.9115 


9; 22 = —zs = 0.60102; = = 0.52876; 
zm = —zs = 0.16791; zs = 0 


tions yield the roots listed in Table 3, which determine the so- 
called Tchebycheff’s ordinates. 


STANDARD PARABOLAS 


A ship’s water line has the general appearance of that of Fig. 
la. Denoting the ratio of the abscissas to the half length / as z 


= 

: 

9 

| 

if 

n n n n n 
n+ = 

Py 
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(cess = 9) and the ratio of the ordinate to the maximum 
dinate 
half width b as y the area S of AOB, Fig. 10, 


is equal to 


1 
sau y dz 
0 


d 
where y = latz = 0; y = Oatz =1; and = Oatz = 0. 


Tchebycheff’s problem of finding the mean ordinate can now , 


be stated as follows: 


1 
1 
tw [5] 


or, if the ordinate at yo = 1 at x = 0, is to be taken into account 


1 
1 


We will take & curves y = f(x), which would have the general 
character as shown in Fig. 1b and find such values of x, ... ze 
that the conditions of Equation [5] and Equation [6] would be 
fulfilled exactly for the k curves taken. The simplest functions 
of this type are parabolas ; 


where m is greater than 1. 
The mean ordinate of [7] is equal to 


1 1 


Substituting the result of Equation [8] in Equations [5] and 
[6], we obtain, respectively, 


m 1 
m= (1/2 +... +ya)...... [10] 
a+ k + 1/2 eee Yb). 
Equations [9] and [10] can be rewritten, respectively, as 
m 1 m ™ 
or 
+ a,” + + {11] 
and 
m 1 
- all +1— + + 
or 
+ Xm + 1) [12] 


In both instances, i.e., whether middle ordinate yo be used or 
not, k standard parabolas (k values of m) must be chosen to 
provide k equations for 2... Ze. 

Now, assuming that we choose the standard parabolas as 
listed in Table 4, the values of the roots as determined from 
Equations [11] and [12] will be those listed in Table 5. 


TABLE 4 ORDINATES FOR STANDARD PARABOLAS AS CHOSEN 
Value of k 


Number of Ordinate yo Standard 


ordinates not taken, yo t parabolas Mean 
in Fig. la Equation [11] chosen Ordinates 
1 m= 2 
1 2 } 0.6667 
2 m = 2,3 0.6667 
ee 3 m = 2,3,4 0.6667 
0.7500 
3 2,3,4 0.8000 
4 m = 2,3,4,5 | 
4 2,3,4,5 § 


* Equation [11] gives imaginary roots for k = 4. 


TABLE 5 VALUES OF ROOTS AS DETERMINED FROM EQUA- 
TIONS AND [12] 


Number of Roots 
ordinates or 
1 
= 0; a = 0.7071 
2 
= 0; 224+ 
xo x2 é 
a? + + x? = 
3 am = 0.2666 
nt +a! = = 0.8663 
7 
= 2 2 3 
at+ at+ = m = 0.5297 
) at + 224+ 234 = 
10. 
m=O mt = 
9 am = 0.1679 
= 0.9116 


It is evident that the standard parabolas chosen as in Table 4 
yield Tchebycheff ordinates. 


Tue Proposep System OF ORDINATES 


It is evident that the foregoing choice of standard parabolas 
is by no means unique and that an infinite number of other com- 
binations of values of ms (not necessarily integral) can be chosen 
for each value of k. It would be reasonable for naval architects, 
for instance, to choose such standard parabolas which would 
cover a wider range of mean ordinates, and furthermore, pa- 
rabolas with areas varying by equal increments. (See Fig. 3.) 

Moreover, the longitudinal location of the center of gravity 
of the area included by the lines is required in naval architec- 


ture, or the integral 
1 
M = rf xy dz 
0 


It has been noticed that Tchebycheff ordinates do not give 
this moment with satisfactory accuracy. The function y = f(z) 
can be written 


y = 1— a, 2? — a; 2*— ag 


y= 1—=s".... | 
Poet 
| 
| 
| 
| 
| 
| 
| 
| 
> 
| 
| 
| 
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provided that a, + a; + a +...= 1 
then 


1 1 
0 


Now, Tchebycheff’s ordinates are well suited to evaluate the 
first term of this integral, but will give the value of the second 


TABLE 6 SUGGESTED STANDARD PARABOLAS 
Value of k 


~ Mean 
Number? of Ordinate ye Ordinate yo Standard ordinate of 
ordinates _ not taken, taken parabolas standard 
Fig. 1a Equation (12] chosen parabolas 
1 m = 2 
1 2 } 0.6667 
2 m = 1;3 0.5000 
3 m = 1;2;6 0.5000 
0.6667 
4 mi = 1;2;4;8 0.5000 
0.6667 
0.8000 


® 2,3,4 ordinates have little practical value and are given only for record. 


TABLE 7 Bqusee FOR DETERMINING THE ORDINATES 
F THE SUGGESTED PARABOLAS 


Number of 
Ordinates 
Fig. la Equations [11] and [12] 
2 xn? = 1/3 
0; zx? = 3/6 
m+ a2 = 1; + 223 = 2/4 
5 0; m+ = 5/4; + = 5/8 
a+ 22 + ta = 3/2; a1? + 22? + 23? = 3/3 
+ + = 3/7 
7 0; m+ 22+ 23 = 7/4; m2 + 22? + 23? = 7/6 
+ 228 + = 7/14 
8 + + + = 2; 212? + 22? + 23? + ze? = 4/3 
+ 224 + + = 4/5; + 225 + + 28 = 4/9 
9 zo = 0; + + + = 9/4; zi? + 22? + 23? + 2a? = 9/6 
ait + + + = 9/10; + 2:5 + + = 9/18 


TABLE 8 RECOMMENDED ORDINATES FOR SHIPBUILDING 
COMPUTATIONS 


Number of Abscissas as determined from equations in 
ordinates ble 7 
n= 2 = = 0.57735 
n=3 m= = 0.70711; m = 0 
n=4 ma = —xz = 0.21133; mm = —3 = 0.78868 
n= nm = —zs = 0.43406; = = 0.81594; zs = 0 
n=6 am = —ze = 0.15821; = —zs = 0.47755; = 
0.86424 
* 057659: zm = —zs = 0.90018 


0.65263; zr = —ze = 0.90900; zs = 


term with considerable error. It is, therefore, imperative to 
include the parabola with m = 1, or y = (1 — z) as a standard 
parabola. 

On the basis of the foregoing observations, the standard pa- 
rabolas listed in Table 6 are suggested. Substituting in Equations 
{11] and [12] the values of k and m as given in Table 6, we ob- 
tain equations for x, . .. zx that are listed in Table 7. The roots 
of these equations were found by successive approximation to 
the sixth decimal place and are tabulated in Table 8. It is recom- 
mended that these abscissas be used in shipbuilding computations 
instead of Tchebycheff’s ordinates. These suggested ordinates 
are compared graphically with Tchebycheff’s ordinates in Fig. 4. 


EmpIRIcAL VERIFICATION 
The two curves shown in Fig. 5 have the general character of 


waterlines. Curve a has the equation y = 0.7 (1—z*) + 0.3 
(1 — 2z°)?, while curve b has the equation y = | 0.935 cos ; z}t+ 


cos The areas and moments of these curves, when 


0 0.2 04 0.6 0.8 1.0 
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calculated analytically and by approximate quadrature rules, 
are given in Table 9. 


APPLICATION OF THE PROPOSED ORDINATES 


Referring to Fig. 1a and taking ordinates at abscissas indicated 
in Table 8 


+1 
va = am) [13] 
1 


where n = 2k or (2k + 1). 
This equality is exact not only for a line composed of two sym- 
metrically disposed standard parabolas, but is always exact for 


n 
+1 
(1) y = ao, since in y dx = 2ayand Yi =N de 


1 


(2)y =1— 22" + 1 with m = 0, 1, 2 ... since in this case 


n 
+1 
i. (1 — 2?™+1) dz = 2 and > yi = n in view of the 


1 
fact that 
+ Ytk = (1 + 2™+1) + (1 — 2, 2™+1) =2 


1 
(1 z) dz 
4 
j 
x 
a 
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It is, therefore, evident that a function having 
y =aatx = —landy = batz = +1 can be 


TABLE 9 COMPARISON OF VALUES COMPUTED BY THE VARIOUS 


QUADRATURE RULES 


Curve a Curve b 
integrated by the proposed rule. Indeed, taking A — “ 
y=catzr = 0, we can write Area Moment Area Moment 
Per Per Per Per 
cama cent cent cent cent 
y=b— [d; (1 — x) + d; (1 — 23) Value error Value error Value error Value error 
2 Analytical value—exact......... 0.7624 ... 0.3064 ... 0.584 ... 0.200 


a Trapezoidal rule with 10 ordi- 
+ ds (1 x*) +.. |] nates in half-length 1 (n = 


[dy (1 — x*) + dy (1 — 24) 


0.7606 —0.3 0.3038 —0.8 0.580 —0.7 0.202 +1.0 
41/2 Tchebycheff's ordinates. 

(k 0.761 —0.2 0.296 —3.2 0.582 —0.3 0.189 —5.5 
4'/. Ordinates as proposed and 

listed in Table8 (k=4; n = 9) 0.761 —0O.2 0.3045 —0.7 0.581 —0.5 0.201 +0.5 


+ ds (1 — x) +... J 3'/2 Techebycheff's ordinates. 


k=3;n2 


where +d; +d,+... 
and dtd+dg+...=1 
| 

b a _ 


1 


2 


and 


x=0 


The integrals of the first and second terms are expressed ex- 
actly by Equation [13] while the third term is integrated with 
an approximation demonstrated above. 

The proposed ordinates are, therefore, as universal in their 
application as the ordinates of Tchebycheff. 


( 0.759 —0.4 0.297 —2.9 0.581 —0.5 0.198 —1.0 
1 3'/2 ordinates as proposed and 


reer 0.761 —0.2 0.304 —0.8 0.580 —0.7 0.203 +1.5 


CoNncLusION 

It should be noted that the choice of standard parabolas for 
determination of 2, z2...2x in the foregoing was dictated pri- 
marily by the requirements of the geometry of ahull. Other ap- 
plications may dictate the choice of different standard parabolas. 

The author is indebted to Prof. L. Siceloff for his criticism and 
suggestions and to Miss Vera Mintz for her assistance with the 
numerical computations. 
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Buckling of Flat Curved Bars and Slightly 
Curved Plates 


By S. TIMOSHENKO,' ANN ARBOR, MICH. 


This paper considers the case of the flat arch and the 
slightly curved plate, with uniformly distributed load, 
which may fail not as a result of high stresses and yielding 
of the material but because of instability, and it is shown 
how the critical load at which buckling occurs may be 
calculated. The case of the bimetallic strips used as 
part of thermostats is also considered. 


F A flat arch is submitted to the action of a uniformly dis- 
tributed load, Fig. 1, the failure of the structure may occur 
not as a result of high stresses and yielding of the material, 

but because of instability. The compressed arch may buckle 
and take the position indicated in the figure by the dotted line. 
In the following discussion it is shown how the critical load, at 
which buckling occurs, can be calculated. 

To simplify the calculations, assume that the center line of the 
arch is initially given by the equation 


and that the ends of the arch are hinged. 
tion is used: 


The following nota- 


q = the intensity of the uniform load 
EI = the flexural rigidity of the arch 


384 Ela 
is the ratio of the deflection, calculated as for a beam, to the rise 


of the arch 
H = the thrust of the arch 


is the ratio of the thrust to Euler’s load. Then the center line 
of the arch after loading, assuming that it is symmetrical with 
respect to the middle, can be represented with sufficient accuracy 
by the following equation? 


This equation can be used not only for u < 1, but also for u > 1, 
i.e., in the cases where the deflection of the curved bar, calculated 
as for a simple beam, is larger than the initial rise of the arch. 
The quantity @ can also be larger than one, but it must be smaller 
than four since for a = 4, buckling of the arch with an inflection 


1 Professor of Engineering Mechanics, University of Michigan, 
Ann Arbor, Mich. Mem. A.S.M.E. Dr. Timoshenko was educated 
in Russia and was called to the Polytechnic Institute of Kiev to 
occupy the chair of applied mathematics. For five years he was 
professor of applied mechanics in various engineering schools of St. 
Petersburg, and professor of applied mechanics at the Polytechnic 
Institute in Zagreb, Jugoslavia. In 1923 he entered the research de- 
partment of the Westinghouse Electric & Manufacturing Company, 
East Pittsburgh, Pa., leaving in 1927 to assume his present position. 

2 See author's “Strength of Materials,’ vol. 2, p. 422. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until May 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


point at the middle occurs and the assumption of Equation [d] 
that the arch remains symmetrical with respect to the middle is 
no longer fulfilled. 

Assuming first that u < 1, we find, from Equation [d], that y2 
is positive if a < 1, and negative when a > 1. This means 
that the arch has the form shown in Fig. 1 by the full line if the 
thrust is smaller than the Euler load for a bar with hinged ends, 
and the same arch can be kept deflected downward, as shown in 
the figure by the dotted line, if a thrust larger than the Euler 
load is applied. When u > 1, y: is positive for a > 1, and it be- 
comes negative for a < 1. 

The actual shape of the arch, after loading, can be determined 
only when the quantity a, i.e., the thrust H, is known. The 
equation for calculating the thrust H is obtained by putting the 
change in length of the span due to deflection equal to the com- 
pression of the bar due to thrust. Assuming for flat curves that 
the compressive force along the length of the bar is constant and 
equal to H, we obtain the equation 


1 2 2 
AE 2Jo0 \dz 2/0 \dz 


in which A is the cross-sectional area of the bar. Substituting 
Fig. 1 


for y; and y, their expressions [a] and [d] and integrating, we ob- 
tain 


(1 — u)? = (1 — ma)(1 — a@)?.... if] 
in which 
4] 
m 


For a given arch the quantity m is easily calculated and if the 
load q is given, the quantity u can be determined from Equation 
[b]. Then, the corresponding value of a and the thrust H are ob- 
tained from Equation [f|. Since this equation is not linear, more 
than one real root for a can be obtained under certain conditions, 
which indicates that there are several possible forms of equi- 
librium, and the stability of these forms must be investigated. 

Considering the right side of Equation [f] as a function of a, 
we find that for m < 1 this function has a minimum equal to 
0 for a = 1 and a maximum for a = (2 + m)/3m. The mag- 
nitude of this maximum is 


4 
27 m? 


In Fig. 2 the right side of Equation [f] is represented graphically 
for the case where m = '/,. For this value of m the maximum 
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occurs at a = 5/; and the magnitude of this maximum, from 
Equation [h], is */27. If the load q is of such magnitude that the 
left side of Equation [f] is larger than this maximum, we obtain 
only one real solution for a, which indicates that only one form of 
equilibrium is possible, hence the equilibrium is stable. If the 
left side of Equation [f] is smaller than the quantity [h], three 
solutions for a are obtained as shown by intersection points s, 


m=3 
= 
- -- = ==t= a 
\ 
Fria. 2 
= 
: 
Yer 


aie 
Fie. 3 


r, and ¢ in Fig. 2 and the question of stability of the corresponding 
forms of equilibrium must be considered. Applying these 
conclusions in the numerical example just cited we find that the 
equilibrium is always stable if 


(1 — u)? > 2/27 
which is equivalent to the conditions 


The first of these conditions corresponds to the form of equi- 
librium convex upward, as shown in Fig. 1 by the full line, and 
the second to the form convex downward, as indicated in the 
figure by the dotted line. 

For any value of m smaller than 1 the conditions of stability, 
equivalent to conditions [7], are 
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(1—m) 
mi ) 

4 (1—™m)3 
) 


Hence, conditions that make possible more than one form of 
equilibrium and where an investigation of stability is necessary 
are 


If m 2 1, Equation [f] has only one real root, as can be seen 
from Fig. 3, in which the right side of Equation [f] is represented 
by curves form = 2andm = 1. It is seen that for any positive 
value for (1 — u)? we obtain only one value for a, which is less 
than unity. Hence for m 2 1 there is only one possible form of 
equilibrium which will be stable. The question of instability 
will arise only if m < 1, and the load is within the limits indicated 
by conditions [k]. 


06 
af 
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0.2 | \ < 
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<a | Gu \ 
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In the investigation of the stability it is advantageous to repre- 
sent graphically the rise of the arch as a function of the load or 
as a function of the quantity u. By using Equation [d] this 
rise is 


By taking in each particular case a series of values of a the 
corresponding values of u can be calculated from Equation [f] 
and the rise a; from Equation [1]. In Fig. 4 the values of a;/a 
are plotted against u. The full line represents the case where 
m = 1/2, and the two dotted lines the cases m = !/, and m = 1. 
Considering the case m = '/,, it is seen from the curve that the de- 
flection gradually increases with increasing of the load up to the 
point A which corresponds to the maximum (at a = 5/;) on the 
curve shown in Fig. 2. Beginning at this point further de- 
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flection continues with the decreasing of u, i.e., with the de- 
creasing of the load g. This fact indicates that the point A, i.e., 
for 


(1 — u)? = 2/27 


the form of equilibrium of the arch shown in Fig. 1 by the full 
line becomes unstable and the arch buckles downward as shown 
by the dotted line. The sag of this new form of equilibrium is 
given in Fig. 4 by the position of the point B. This new form of 
equilibrium is stable and any further increase of the load pro- 
duces a gradual increase in deflection as is shown by the portion 
BC of the curve in Fig. 4. The thrust H during this loading 
decreases. It becomes zero at the point C and becomes negative 
with a further increase of the load. If, starting from the point 
B, we begin to diminish the load the deflection of the arch 
gradually diminishes up to the point D. At this point the load 
becomes insufficient to keep the arch deflected convex downward 
and it buckles upward to the position given in Fig. 4 by the point 
E. From this discussion we see that there exists a possibility of 
having more than one form of equilibrium in the region limited 
by the vertical lines ED and AB which corresponds to the condi- 
tions [7]. In the general case this region is defined by the con- 
ditions [k] and we conclude that the critical load at which the 
arch will buckle convex downward is determined from the 
equation 


From the curves in Fig. 4 it may be concluded that the region 
in which more than one form of equilibrium is possible becomes 
smaller and smaller with the increase of m, and when m becomes 
equal to one the two limits given by [k] coincide, hence, beginning 
from this value of m only one form of equilibrium is possible. 

In the foregoing discussion it was assumed that a uniformly 
distributed load is acting on the arch, but the results obtained 
can be used in all cases in which the deflection of the arch, con- 
sidered as a beam, can be represented with sufficient accuracy 
by the sine curve. Taking, for instance, a concentrated vertical 
load P applied at the middle of the arch, the critical value of this 
load is obtained from Equation [1],’ it being only necessary to 
substitute in this equation 


In an analogous manner the problem can be solved also if the 
load P is applied at some point other than the middle. It 
is only necessary to substitute in Equation [m] the corresponding 
deflection at the middle of the beam for Pl°/48E/. 

The results of the foregoing discussion can be used in in- 
vestigating buckling of a bimetallic strip submitted to a varia- 
tion of temperature. Such strips are used as a part of instru- 
ments (thermostats) serving for regulating temperature. Simple 
considerations show that due to difference in coefficients of 
expansion of the two metals a straight bimetallic strip becomes 
curved when temperature changes. The curvature can be 
calculated from the equation‘ 


1_ 3 (@—«) ¢—4) 


* This particular problem has been discussed by Navier, ‘‘Résumé 
des lecons sur l’application de la mécanique,” second edition, p. 273, 
Paris, 1833. See also C. B. Biezeno, Koninklijke Akademie van 
Wetenschappen te Amsterdam, Proceedings, vol. 32, 1929, p. 990. 
The case when the center line of the arch is not a flat curve has been 
considered by A. Nadai, Technische Blittern, nos. 3 and 4, Prag, 1915. 

‘ See author’s ‘Strength of Materials,” vol. 1, p. 245. 
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in which « and « are coefficients of thermal expansion (it is 
assumed « > «), h is the thickness of the strip, and t — t is 
the rise of temperature. Thus the curvature of a bimetallic 
strip produced by heating is proportional to the rise in tempera- 
ture and to the difference of the two coefficients of expansion 
and inversely proportional to the thickness of the strip. Equa- 
tion [2] derived for two metals with equal moduli can also be 
used with sufficient accuracy in the case in which the materials 
have somewhat different moduli of elasticity as, for instance, in 
the case of monel metal and nickel steel.§ 

Having the curvature, the deflection at the middle of the strip, 
supported at both ends, due to increase of temperature (¢ — f) 
is obtained as for a flat arc of a circle, and is equal to 


in which / is the length of the strip and p the radius of curvature 
determined from [2]. 

Let us now consider a bimetallic strip which has a slight 
initial curvature and assume that the ends of the strip are hinged 
as shown in Fig. 1 by the full line. If the metal on the concave 
side has a larger coefficient of thermal expansion than the metal 
on the convex side, the strip will deflect downward during heating 
and a thrust H will be produced as a result of this deflection. At 
a certain temperature, depending on the proportions of the strip 
and on the difference of the coefficients of expansion of the two 
metals, the form of the strip shown in Fig. 1 by the full line 
becomes unstable and the strip buckles suddenly downward as 
indicated by the dotted line. In a thermostat the source of 
heating is cut off at the moment of buckling of the strip and cool- 
ing begins which results finally in buckling of the strip in the 
upward direction, thus turning on the source of heat again. This 
phenomena is analogous to that of buckling of a flat arch during 
loading and unloading, just discussed. To determine the 
temperature at which buckling occurs we need only to use the 
deflection [n] instead of the deflection produced by loading, and 
Equation [1] becomes 


8pa 27 m? 


Using for the curvature expression [2], the temperature f,, at 
which buckling of the strip in a downward direction occurs, is 
obtained from the equation 


3 


16 ah — = 1+ [3] 


The temperature 4, at which the strip buckles in an upward 
direction after cooling, is obtained from the first of the inequality 


Hence 


Taking, for instance, l/h = 100, ¢—« = 4 X 10~*, and the 
values of m = h?/3a?, such as is given in the first line of Table 1, 
the ratios of the initial rise a of the strip to its thickness are such 
as are given in the second line of the table. The values of (t; — &), 
calculated from Equation [3], and (t, — &), calculated from 
Equation [4], are given in the third and fourth lines of the table, 
respectively. 

It is seen from the table that the temperature of buckling ¢, in- 

5A more general investigation of bending and buckling of bi- 


metallic strips is given in the author’s paper, see Journal Optical 
Society of America, vol. 11, 1925, p. 233. : 
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TABLE 1! NUMERICAL DATA ON BUCKLING OF BI- 
METALLIC STRIPS 


a/h = 0.707 0.814 1.000 1.154 
i—h = 104 137 217 307 
k—th = 83 79 50 0 


creases with the increase of the initial curvature and at the same 
time the temperature f decreases, so that the sensitivity of the 
thermostat, given by the difference (¢; — t,), decreases rapidly 
with the increase of the temperature action f;. The conditions 
can be improved by introducing elastic supports for the bimetallic 
strip. 

If, under the action of the thrust H, the distance between the 
supports increases by some quantity 8H proportional to H, the 
equation for calculating the thrust becomes 


2 2 
Hl 1 1 (ay 


and, instead of Equation [f] we obtain 
(1 — u)? = (1 — ma)(1l — a)?.. {o] 


in which 


It is seen that the operation of a bimetallic strip with elastic 
supports can be investigated in the same manner as it was 
before. 

It is only necessary to introduce, instead of the quantity m,a new 
quantity m, depending on the elasticity of supports. By a suit- 
able adjustment of this elasticity the desired sensitivity of the 
thermostat can be obtained.* 


6 See author’s paper, loc. cit., p. 233. 
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A Theoretical Investigation of the Maximum- 


Lift Coefficient 


By Tu. von KARMAN! ano CLARK B. MILLIKAN? 


In the present paper the application of a laminar bound- 
ary-layer theory, previously developed by the authors, to 
the problem of the maximum-lift coefficient of airfoils is 
discussed. The calculations are carried through in detail 
for a first approximation, called a single-roof profile, to 
the potential velocity distribution over the upper surface 
of an airfoil. The results indicate a large variation in 
Cimax with turbulence but the quantitative dependence 
on Reynolds’ number and turbulence is not satisfactory. 
The calculations are then repeated for a so-called double- 
roof profile which approximates to the flow over the upper 
surface of an N.A.C.A. 2412 airfoil. These results are com- 
pared with those obtained from an experimental investiga- 
tion on the same airfoil. The agreement is considered to 
indicate that for moderate values of R and Cima the 
phenomenon of the maximum-lift coefficient is controlled 
by a contest between the separation and transition points 
of the laminar boundary layer over the nose of the airfoil. 
The difficulties involved in extending the theory to larger 
values of R, or to airfoils whose Cr vs. a curves are not 
approximately linear up to the stall, are mentioned. 


1— INTRODUCTION 


HE PROBLEM of the maximum lift of airfoils has con- 
(re the authors greatly since there were first discovered 

in the spring of 1932 serious discrepancies in this character- 
istic between results obtained in the wind tunnel of the Guggen- 
heim Aeronautics Laboratory at the California Institute of Tech- 
nology (GALCIT) ard those reported from certain other wind 
tunnels. An elaborate experimental investigation by the junior 
author and A. L. Klein’ indicated that the value of Cimax for a 
given airfoil was strongly affected both by Reynolds’ number 
and by the degree of turbulence in the tunnel wind stream. It 


1 Director of Guggenheim Aeronautics Laboratory, California 
Institute of Technology. Mem. A.S.M.E. Dr-Ing. von Kairmdn 
received his M.E. at Budapest in 1902 and Ph.D. at Gottingen in 
1908; honorary degree of Doctor of Engineering, University of Ber- 
lin, 1929. He was Privat-Docent, Gdttingen, 1910-1913; Professor 
of Mechanics and Aerodynamics, Director of the Aerodynamical 
Institute, University of Aachen, 1913; member of Gesellschaft der 
Wissenschaften zu Gottingen, 1925; foreign member of the Royal 
Academy of Sciences, Turin, 1928; Director of the Graduate School 
of Aeronautics, California Institute of Technology, 1928. 

2 Associate Professor of Aeronautics, Daniel Guggenheim Graduate 
School of Aeronautics, California Institute of Technology. Assoc- 
Mem. A.S.M.E. Professor Millikan was born in Chicago in 1903, 
and received his Ph.B. from Yale University in 1924 and Ph.D. in 
Physics and Mathematics from California Institute of Technology 
in 1928. He was a Teaching Fellow at the California Institute of 
Technology from 1924 to 1928, and since then has been on the staff 
of the Aeronautics Department of that Institute. 

3“The Effect of Turbulence: An Investigation of Maximum- 
Lift Coefficient and Turbulence in Wind Tunnels and in Flight,” by 
C. B, Millikan and A. L. Klein, Aircraft Engineering, August, 1933 
(London). 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until May 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. , 


had long been known that the maximum-lift behavior was in- 
timately connected with the separation of the boundary layer 
from the upper surface of an airfoil, but it had in general been 
supposed that for practically important Reynolds’ numbers this 
phenomenon involved only the turbulent state of the boundary 
layer. The great dependence of Crmax on the degree of free- 
stream turbulence, as revealed by the aforementioned experi- 
ments, made the authors suspect that the boundary layer at a 
separation point may be sometimes turbulent and sometimes 
laminar. The free-stream turbulence would then have a great 
influence in determining which of the two régimes was in effect 
for a particular case, and it is easy to see that the separation 
phenomenon might be importantly influenced by the possible ex- 
istence of these alternative types of flow in the boundary layer. 
It is well known that a turbulent boundary layer resists separa- 
tion much more effectively than does a laminar one. Hence an 
early transition of the boundary layer from the laminar to the 
turbulent state, induced by large external turbulence, might 
delay the separation and increase the maximum lift. The 
quantitative discussion of such an hypothesis requires an anal- 
ysis of the laminar boundary layer, and in particular a deter- 
mination of its separation point and its thickness at that point. 

The existing methods for the calculation of a laminar boundary 
layer with a more or less arbitrary pressure distribution were 
felt to be unsatisfactory for this purpose. Accordingly, an en- 
tirely new procedure was developed which has been presented in 
detail in a previous paper by the authors.‘ In the present paper 
the application of this boundary-layer analysis to the problem of 
the maximum-lift coefficient will be discussed. The explicit aim 
of this paper is, then, to investigate the dependence of Cimax on 
Reynolds’ number and free-stream turbulence over the regions 
available for normal wind-tunnel tests. 


2—OUTLINE OF THE Basic ProcepuRE® 


The boundary-layer theory is based on the assumption that the 
influence of friction is restricted to the neighborhood of the walls 
and does not essentially change the outside flow. Its application 
is, therefore, restricted to those cases in which the outside flow is 
known. Hence, we are able to investigate whether or not a given 
flow pattern about an airfoil, involving a certain magnitude of the 
lift and a certain presswe distribution, is possible without sepa- 
ration of the flow from the surface, but we are not able to deter- 
mine flow patterns with separation. 

In view of the restricted possibilities of the theory we are led to 
a kind of inverse method to determine the maximum value of the 
lift coefficient Cx as a function of Reynolds’ number and the degree 


4“On the Theory of Laminar Boundary Layers Involving Separa- 
tion,” by Th. von KaArman and C. B. Millikan, N.A.C.A. Technical 
Report No. 504. 

5 Condensed accounts of portions of the discussion of this section 
have already been presented by the authors; cf. ‘‘Quelques Prob- 
lemes Actuels de |’Aerodynamique,” by Th. von Kirm4n, Journees 
Techniques Internationales de |’Aeronautique, Paris (1932). ‘‘The 
Effect of Turbulence: An Investigation of Maximum-Lift Coefficient 
and Turbulence in Wind Tunnels and in Flight,” by C. B. Millikan 
and A. L. Klein, loc. cit. “The Use of the Wind Tunnel in 
Connection With Aircraft-Design Problems,” by Th. von K4rm4n and 
C. B. Millikan, Trans. A.S.M.E., 1934, pp. 151-166, paper AER- 
56-4. 
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of turbulence. We start with a given value of Cx and inquire 
whether or not the potential flow which would produce the as- 
sumed lift in a non-viscous fluid can be maintained in a viscous 
fluid without separation, i.e., whether or not the influence of the 
friction will be restricted to the boundary layer. 

It is easily seen that the problem put in this form is not quite 
identical with the original problem of the maximum lift. Let us 
neglect for a moment the possibility of turbulence in the bound- 
ary layer. Then the possible values of Cx would be given by flow 
patterns which do not lead to separation of the laminar boundary 
layer, and the limiting values of Cz would correspond to the 
flow with separation just at the trailing edge. Now it is a well- 
known result of the laminar boundary-layer theory that for geo- 
metrically similar bodies the location of the separation point is 
independent of the Reynolds number. Thus we should con- 
clude that Cimax determined in this way gives only an inferior 
limit, because flow patterns with separation may give higher lifts 
than those with separation at the trailing edge, but it is certain 
that any value below this calculated Crmax can be reached with- 
out separation. For this reason the actual values of Crmax may 
be higher than those determined from the ‘no separation” 
criterion, and may be variable with Reynolds’ number. 

Fortunately, the case in which the boundary layer is laminar 
along the whole or a considerable part of the airfoil is without 
practical importance. In the practical range of Reynolds’ 
numbers, both in the case of full-scale airfoils in flight and in that 
of normal wind-tunnel tests, the laminar régime is restricted to a 
small portion of the chord. Hence, if the laminar boundary 
layer separates from the airfoil before transition to the turbulent 
régime occurs, the separation occurs not far from the leading 
edge. Such a separation must clearly lead to an abrupt drop 
in the lift coefficient, such as experiments actually reveal. As a 
matter of fact, for most modern “efficient” airfoil sections, the 
experimental Cz, = f(a) curves (a = angle of attack) are almost 
straight up to the stalling point, as would be the case for the 
pure potential flow, and show a more or less sharp break at the 
stalling point. Thus in the practically important range we can 
assume that Cx values which lead to separation of the laminar 
layer prior to the change to the turbulent state are impossible 
for such airfoils. Our considerations may, however, not be 
valid for airfoils in which the Cz vs. @ curves have a consid- 
erable curvature well before the stall is reached. 

Before discussing the second alternative, that the laminar 
layer becomes turbulent before it reaches the separation point, 
let us review briefly the pertinent experimental facts for the 
boundary layer along a flat plate placed parallel with a uniform 
flow. It is convenient to introduce two Reynolds’ numbers for 
such a boundary-layer flow. The basic-flow Reynolds number 
R is defined in terms of the characteristic length of the problem, 
i.e., the length of the plate or airfoil in the direction of flow, and 
of the free-stream velocity far from the airfoil or plate. The 
boundary-layer Reynolds number R; is defined in terms of the 
boundary-layer thickness 5 at any point along the surface, and 
of the velocity just outside the boundary layer at this point. The 
two definitions are R = Uot/v and Rs = Us/»v where U, is the 
undisturbed velocity, ¢ the chord of airfoil or plate, U the 
potential velocity just outside the boundary layer, 5 the bound- 
ary-layer thickness at the same point along the surface, and » 
coefficient of kinematic viscosity. The definition of the bound- 
ary-layer thickness is somewhat arbitrary, but using the same 
definition throughout the discussion, the results are independent 
of the definition. 

For the flow along a flat plate which we are discussing for the 
moment, the boundary layer starting from the upstream edge of 
the plate is laminar in character even though the outside flow is 
highly turbulent or fluctuating. The boundary-layer thickness 
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increases continuously as one goes downstream from the leading 
edge, so that the boundary-layer Reynolds number Rs varies in 
the same way. For any given type of turbulence or fluctuations 
in the outside flow there exists a certain value of Rs at which the 
laminar régime in the boundary layer becomes unstable and a 
transition occurs to a turbulent state of flow. Actually there is 
a region of finite length along the plate in which this transition 
from the laminar to the so-called “fully developed” turbulent 


Fie. 1 Bounpary Layer ALONG a Fiat Piate at Two 
ReEYNOLDs’ NUMBERS 


régime takes place. For simplicity in both discussion and calcu- 
lation it is, however, customary to assume that the transition is 
instantaneous and occurs at a definite point which we shall refer 
to as the transition point, and which will be indicated by a sub- 
script ():. The boundary-layer Reynolds number at which the 
transition occurs is called the critical Reynolds number and will 
be denoted by R3,. The variation of Rs with the basic Reynolds 
number of the flow, at a given point along the plate, is given by 


the relation Rs ~ \/R. Assuming the state of turbulence in the 
outer flow to be independent of the value of R, it follows that for 
a given air stream Rz, is also independent of R. Consequently, 
the transition point, i.e., the point at which Rs reaches the value 
Rs,, moves upstream along the plate as R increases. The con- 
ditions for two values of FR are indicated schematically in Fig. 1. 
R;, is experimentally found to be independent of R for a given 
air stream, but to vary with the degree of outside turbulence in 
such a way that it decreases as the turbulence increases. The 
observed values of Rs, lie between about 10,000 for very smooth 
flows and 1500 for very turbulent flows. 

We assume, with considerable experimental justification, that 
very similar phenomena cccur for the boundary layer over the 
upper surface of an airfoil. In other words, for any given ex- 
ternal air flow there is a definite value of Rs, such that, when the 
boundary-layer Reynolds number reaches this value, there is a 
transition point downstream from which the airfoil boundary 
layer is turbulent, while upstream it is laminar. 

We have already discussed the case in which the laminar layer 
separates before the change to the turbulent régime. This will 
obviously take place if, for the calculated Reynolds number of the 
laminar layer at the separation point R;,, we have the inequality 
Rs, < Rs,. In the opposite case when R;, > R;3,, the layer be- 
comes turbulent before separation and whether or not the value 
of Cx considered can be reached, obviously depends on the be- 
havior of the turbulent layer. Unfortunately, the theory of the 
turbulent boundary layer is not as yet so far advanced as to fur- 
nish a definite answer to this question. However, it is well 
known that the turbulent layer exhibits a considerably higher re- 
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sistance to separation than does the laminar layer. Hence we 
consider first the idealized case that the turbulent layer clings 
under all circumstances to the airfoil surface, i.e., we neglect the 
possibility of separation for the turbulent layer. This neglecting 
of the possibility of separation of a turbulent boundary layer im- 
plies that as R —> © indefinitely large values of Cz could be 
reached, and obviously imposes limitations on the range of va- 
lidity of the theory. We discuss this in more detail in a later 
section of this paper entitled “Comparison With Experiment and 
Region of Validity of the Theory.” 

With this assumption (no separation of a turbulent boundary 
layer) the following procedure leads to a family of Crmax-curves 
giving Cimax a8 a function of Reynolds’ number for different de- 
grees of turbulence in the outside stream: We start with an as- 
sumed potential-velocity distribution corresponding to a definite 
value of Cz. From this we calculate the laminar separation point, 
which will occur at a fixed point on the upper surface of the air- 


foil. The corresponding value of Rs, will be proportional to VR. 
We now consider an external flow with a definite degree of turbu- 
lence so that Rs, has a definite value independent of R. If we 
start with small enough values of R then Rs, will be less than R;,, 
separation will occur, and the boundary layer will behave as in 
(a) of Fig. 2. The assumed potential flow can obviously not 
occur and the assumed Cz will not be obtainable. If, now, we 
increase R, Rs, increases continuously until it finally equals and 
then surpasses the constant value of R35,. 

We can alternatively describe this process in the following way: 
For small values of R, the transition point is downstream from 
the separation point (case a); with increasing FR, the transition 
point moves upstream, while the location of the separation point 
is independent of R. When R;, = Rz,, the two points coincide. 
A still further increase of R leads now to case (5), i.e., the boundary 
layer at the calculated separation point is turbulent and so clings 
to the airfoil surface, the assumed potential flow can occur and 
the assumed Cz is reached. If we repeat the calculations for a 
series of potential-velocity distributions (i.e., lift coefficients), 
we get a definite value, of R for each C1, above which the Cz value 
is attained and below which it is not. Plotting Cx against R we 
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therefore obtain a curve giving the maximum Cz which can be 
obtained at any R for a given type of air flow. Again repeating 
for other values of Rs, we finally get a family of curves giving 
Cimax = f(R) for a series of flows characterized by different 
amounts of external turbulence. 


3—BovunparRy-LAYER Notation EMPLOYED 


In the following sections we consider the application of the 
procedure just described to certain special cases. The laminar 
boundary-layer characteristics are determined using the bound- 
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ary-layer theory given in the preceding paper by the authors 
(loc. cit.). The conventions adopted in the preceding paper will 
also be followed here and are the following: All quantities are 
dimensionless, lengths being divided by the characteristic length 
which is taken as the airfoil chord, and velocities being divided by 
the characteristic velocity taken as the free-stream velocity far 
from the airfoil. The basic Reynolds number R is then defined 
in terms of these characteristic quantities. The dimensionless 
potential velocity just outside of the boundary layer is denoted 
by U, the dimensionless distance measured along the upper sur- 
face of the airfoil from the stagnation point by z, and the dimen- 
sionless boundary-layer thickness by 6. 23, the boundary-layer 
Reynolds number, is defined in terms of the actual boundary- 
layer thickness and the actual potential velocity just outside of 
the boundary layer at an arbitrary point along the surface. The 
subscripts ( ).and( ): denote, respectively, separation point (of 
the laminar layer) and transition point (from the laminar to the 
turbulent régime). 5, is the value of Rs at which the transition 
occurs, and is a constant for a particular external flow. 

In the boundary- 
layer analysis men- 


tionedabove itisfound 7 
convenient to intro- 

U, 
duce an alternative y, 


variable, in addition to 
z, to give the distance 
downstream from the 
stagnation point along 
the airfoil upper sur- 
face. This variable is 9 
defined by = 
and is identical with 
the value of the ex- 
ternal-flow potential 
function at the point x. 
In the paper mentioned, formulas are given for determining the 
separation point and the value of Rs. for the laminar boundary 
layer corresponding to any function U*(¢) which may be rep- 
resented by one or two polynomials in gy. In the succeeding 
sections two general types of such flows are considered in detail. 


4—Tue “Sincie-Roor” Prori.e 

The “single-roof” profile, represented in Fig. 3, is a first, crude 
approximation to the potential-flow distribution over the upper 
surface of an airfoil. It is developed by assuming that the ve- 
locity is a linear function of the distance downstream from the 
stagnation point, while the rapid increase in the velocity from 
zero to its maximum value U, is replaced by a discontinuous jump. 
It is also assumed that the stagnation point coincides with the 
leading edge; so that z = 1 corresponds to the trailing edge. 
It will be noticed that the velocity at the trailing edge has been 
taken equal to the undisturbed free-stream velocity, so that 
U(trailing edge) = 1. The latter restriction was imposed after 
a study of the calculated potential-velocity distributions around 
several airfoils, and is in good accordance with the corresponding 
experimental velocity distributions. 

The single-roof profile has two advantages, first the boundary- 
layer calculations are especially simple, and second, plausible 
assumptions lead to a very easy determination of Cx as a function 
of the maximum velocity U;. The assumption which was made 
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in the latter connection was that the upper surface contributes 
all of the lift, i-e., the average pressure over the bottom surface is 
the same as that at the upper-surface trailing edge, which in turn 
equals the static pressure far from the airfoil. From this as- 
sumption, and using the Bernoulli theorem, we easily obtain the 
relation 
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connecting Cz and the maximum velocity U;. 

Turning now to the application of the boundary-layer analysis 
to this single-roof profile, we shall make use of results presented 
in the previous paper by the authors (loe. cit.), in which the lami- 


In the following paragraph we shall outline the calculations lead- 
ing to the determination of these values. 

We remember that for a given degree of turbulence in the ex- 
ternal flow there exists a definite value of fs,. For a fixed value 
of Uj, (i.e., of Cx) Rs, = Rs, is a limiting ease such that this Cz 
is just achieved. If R is decreased /s, is decreased and the as- 
sumed value of Cx is not reached. Conversely, if R is increased 
the assumed Cz will always be 


realized. In order to deter- 
mine this limiting case we ac- 
tually calculate Rs, / VR as a 


function of Cz from Equations 
{1] and [3]. Then putting Rs, 
equal to a series of numerical 
values Fs,, we obtain a corre- 
sponding series of functions 
R(Cx) or Ci(R). The curves 
of Cx vs. R determined in this 
way are really curves of Cimax 
vs. R for various degrees of ex- 
ternal turbulence, since each 
curve gives a definite value of 
R above which a given value 
of Cx will always be reached 


and below which it can never 
be reached. The results of 
such a calculation are plotted 
|| in Fig. 4, the regions in which 
| a given Cy can be attained 
| being indicated by the cross- 
= hatching at one side of the 
curves. The values of Rs, are 
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nar boundary-layer theory is worked out in some detail for this 
example. | Equations [38] and [41] in the paper cited, furnish the 
result that the laminar separation point occurs at the position 
along the surface where U,?/U? = 1.241, i.e., 


In addition, Equations [44] give the value of the boundary-layer 
Reynolds number at this separation point as 


Rs, = 2.18 [3] 


VUi—1 


These are the only results of the laminar boundary-layer analysis 
which we shall need in this section. 

If U. as given by Equation [2] is less than 1 there is obviously 
no separation point on the airfoil surface. Hence U; = 1/0.897 
= 1.115 is a limiting value below which the flow always clings to 
the airfoil without separation. The corresponding value of Cz 
from Equation [1] is Cx. = 0.120. Hence Cimax = 0.120 is a 
lower limit which can always be reached for a flow without sepa- 
ration, no matter how small the Reynolds number. (The Reyn- 
olds ‘number must, of course, be large enough so that the basic 
assumptions of the boundary-layer theory remain valid.) If the 
possibility of a turbulent boundary layer were excluded this would 
also be the largest possible value of Crmax according to our sim- 
plified assumptions for the phenomenon as they were outlined in 
section 2, “Outline of the Basic Procedure.” However, the as- 
sumptions already discussed regarding the transition to and be- 
havior of a turbulent boundary layer alter the matter completely, 
and require a more elaborate analysis to obtain values of Crmax. 


40 given by the numbers without 
subscripts and represent various 
degrees of external turbulence. 
Thus 1000 corresponds to a 
high degree of turbulence and 10,000 to a low degree. 

The results are very interesting in that they reveal an extremely 
large dependence of Crmax On external turbulence, so that our 
basic conception of the phenomenon is, to some extent, justified. 
However, the dependence on Reynolds’ number is entirely un- 
satisfactory and indicates that the single-roof profile is too crude 
an approximation to yield any quantitative results. 

Before passing on to the refinements required to improve the 
results, it might be mentioned that the familiar Pohlhausen bound- 
ary-layer method may be simply applied to this case. The 
boundary-layer analysis has already been given by the authors 
(loc. cit.), and the application of the results to the Crmax problem 
follows exactly the procedure just discussed. It is easy to see 
that identically the same curves are obtained as followed from 
our boundary-layer theory. The only difference is that the 
values of RF, associated with a particular curve are different for 
the two methods. The Pohlhausen values have been included 
in Fig. 4 with a subscript (_ )». 


5—Tue Prorite AND Its APPLICATION 
To THE Maximmum-Lirr ANALYSIS OF THE N.A.C.A. 
2412 AIRFOIL 


It has been mentioned above that the authors’ boundary-layer 
analysis has been developed for external flows such that U*(¢) 
may be represented by one or two polynomials in g. The 
single-roof profile corresponds to one of the simplest cases of such 
a flow, i.e., U? is given by a single linear function of g. In the 
present section we consider a somewhat more complicated case 
in which U? is given by two linear functions of ¢, and there is an 
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actual stagnation point at the origin of z. 
described analytically as follows: 


Such a flow may be 


For0 ¢ U? = be 
U2 


where ¢; is a fixed value of ¢, and b and 8 are positive constants. 
We call such a velocity distribution a ‘‘double-roof” profile, the 
reason being obvious from Fig. 5 where the profile has been rep- 
resented schematically by the full lines. 

For our present purposes we need only two results of the 
boundary-layer analysis, which, just as in the case of the single- 
roof profile, are the position of the laminar separation point 
¢s, and the value of the boundary-layer Reynolds number at this 
point, R;,. From section 14 of the earlier paper we obtain 


For ¢: < ¢; 


Gs = Os ™ 
Rs,/VR V oats 


where 6, and A*, are given in Fig. 6 as functions of r = 8/b. The 
necessary laminar boundary-layer characteristics are accordingly 
given in terms of the double-roof parameters ¢; and r. 

The experimental investigation of the maximum-lift phenome- 
non mentioned at the beginning of the paper dealt with wind- 
tunnel measurements on a rectangular airfoil with the N.A.C.A. 


a, 
(Ox 
v 
Fic. 5 Tue Dovusie-Roor Proriiz, U* = U*(¢) 


2412 profile whose ordinates and general characteristics have 
previously been published.* It was natural, therefore, to base 
the theoretical considerations upon the same airfoil section, 
which is a very efficient one of moderate thickness and small 
camber. Accordingly the potential-velocity distribution over 
the 2412 profile for a two-dimensional flow was calculated by 
Theodorsen’s method for a series of values of airfoil-lift coefficient 
Cx. Since Theodorsen’s method has been described in extenso’ 
no details of the calculation will be repeated here. For the prob- 
lem in hand we require only the velocity distribution over the 
upper surface of the airfoil for some distance downstream of the 
separation point. The functions U*(¢) determined for this region 
are given by the full lines of Fig. 7, corresponding to caleylated 
values of Cz from 0.8 to 1.8. For the sake of clearness the curves 
are not extended quite down to the stagnation point origin. 

It appears that all of the functions U*(¢) given in Fig. 7 can 
be fairly satisfactorily approximated by double-roof profiles for 
the region upstream from the separation point. Such an approxi- 
mation seems to be especially justified by the fact that the main 
purpose of the investigation is to discover the physical bases for 
the variation of Crmax with turbulence and Reynolds’ number 
rather than to deduce the precise quantitative dependence of 


*“Tests of N.A.C.A. Airfoils in the Variable Density Wind 
Tunnel, Series 24,” by E. N. Jacobs and K. E. Ward. N.A.C.A, 
Technical Note No. 404, January, 1932. 

™°Theory of Wing Sections of Arbitrary Shape,"’ by Theodore 
Theodorsen. N.A.C.A. Technical Report No. 411 (1932). 
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Cimax on these two variables. All the further calculations are, 
therefore, made with double-roof profiles chosen so as to approxi- 
mate as closely as possible to the solid curves of Fig. 7 between 
the stagnation and separation points. The double-roof profiles 
are indicated by the dotted lines in Fig. 7, and the oval symbols 
give the values of ¢. as determined from Equations [5] and Fig. 
6. Rs,/ VR, obtained in the same way, is plotted as a function 
of Cx in Fig. 8. 
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Fie. 9 THeEoreTIcCAL Curves GIvInG Crmax AS FuNcTION oF R 
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Using Fig. 8, curves of Crmax vs. R are determined for various 
degrees of external turbulence in exactly the same manner as 
was outlined in section 4 for the single-roof profile. It is only 
necessary to equate Rs, to a series of constant values of Rz,, 
characterizing the degree of external turbulence, and then to de- 
termine from Fig. 8 the values of R at which a given C1z is just at- 
tained. The final results are plotted in Fig. 9 as solid curves. 


6—ComPaARISON WitH EXPERIMENT AND REGION oF VALIDITY 
OF THE THEORY 


Before discussing the theoretical results, it will be desirable to 
consider the results of the experimental investigation of the same 
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problem, to which reference has already been made. As has been 
stated, the experiments were performed in the Guggenheim 
Aeronautics Laboratory at the California Institute of Technology 
wind tunnel on a model of the N.A.C.A. 2412 airfoil. In order to 
obtain a series of degrees of turbulence a wire grid or screen was 
placed at a number of distances upstream from the model. With 
the grid close to the model the degree of turbulence at the airfoil 
is high, with the grid far away the turbulence is low. At each 
position of the grid measurements were taken at from six to fifteen 
different Reynolds’ numbers. The results as far as Cumax is 
concerned are presented in Fig. 10. Each curve corresponds to 
a grid position, i.e., to a given degree of turbulence and therefore 
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to a definite value of Rs,. In other words, the curves are directly 
comparable with those of Fig. 9. It should be noted that the 
degree of turbulence for each of the curves of Fig. 10 has been in- 
dicated by giving the critical Reynolds number R,, at which a 
sphere has a drag coefficient® Cp = 0.3. Just as in the case of 
R;,, a low value of R, corresponds to a high degree of turbulence 
and vice versa. 

Comparing the two figures we see that for Crumax S 1.2 the 
theoretical curves for 1000 Ss Rs, S 1900 exhibit a very similar 
character to the four experimental curves. In this region then 
the theory gives a qualitatively satisfactory prediction of the de- 
pendence of Crmax on R and free-stream turbulence. Above 
Ci = 1.2 the theory diverges more and more from experiment. 
In section 2 it was pointed out that one of the basic assumptions 
of the theory, namely, that of the non-existence of a separation 


8 “Effect of Turbulence in Wind Tunnel Measurements,” by H. L. 
Dryden and A. M. Kuethe. N.A.C.A. Technical Report No. 342, 
1929. 
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point for a turbulent boundary layer, implied that infinitely large 
values of Crmax could theoretically be reached. It is obvious 
that this assumption represents a considerable oversimplification, 
since it is quite certain that somewhat similar laws actually govern 
the separation of laminar and turbulent boundary layers. The 
portions of the theoretical curves which are concave upward or 
have negative slopes are believed to be in error because of this 
oversimplification in the basic assumptions of the theory. The 
dotted curves of Fig. 9 represent the authors’ judgment as to the 
nature of the curves which would be obtained if it were possible 
to determine the separation-point characteristics of a turbulent 
boundary layer. The relatively low values of R5, for the theo- 
retical curves which furnish the best approximation to the experi- 
mental results are not at all surprising when the unstable nature 
of boundary-layer profiles near a separation point is remembered. 

The comparatively good agreement between the theoretical 
and experimental curves for moderate values of Crmax and R, 
as well as the quite understandable nature of the discrepancies 
at higher values of Czmax or R, seems to demonstrate conclusively 
that the physical basis for the large dependence of Crmax on these 
two parameters, in the normal wind-tunnel range, has been cor- 
rectly determined as residing in a kind of contest between the 
separation point of the laminar boundary layer over the upper 
surface of an airfoil, and the transition point to a turbulent 
boundary-layer régime. This is physically the same picture as 
was used by Prandtl many years ago to explain the phenomenon 
of the sudden drop in the drag coefficient of a sphere and its de- 
pendence on external turbulence and Reynolds’ number. 

The extension of the present theory so as to obtain valid re- 
sults for large values of Cxumax and of R depends upon the de- 
velopment and application of a satisfactory theory of the separa- 
tion characteristics of a turbulent boundary layer, and such a 
theory has, unfortunately, not yet been developed. The dis- 
cussion of airfoils whose lift does not increase approximately 
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linearly with angle of attack up to the stall would appear to pre- 
sent still further difficulties, but such airfoils are not widely used 
in practice and consequently are not of great immediate interest.® 


7—CONCLUSIONS 


In the present paper the application of a laminar boundary- 
layer theory previously developed by the authors to the problem 
of the maximum-lift coefficient of airfoils is discussed. The cal- 
culations are carried through in detail for a first approximation, 
called a single-roof profile, to the potential velocity distribution 
over the upper surface of an airfoil. The results indicate a large 
variation in Cimax with turbulence but the quantitative de- 
pendence on Reynolds’ number and turbulence is not satisfactory. 
The calculations are then repeated for a so-called double-roof pro- 
file which approximates to the flow over the upper surface of an 
N.A.C.A. 2412 airfoil. These results are compared with those ob- 
tained from an experimental investigation on the same airfoil. 
The agreement is considered to indicate that for moderate values 
of R and Crmax the phenomenon of the maximum-lift coefficient 
is controlled by a contest between the separation and transition 
points of the laminar boundary layer over the nose of the airfoil. 
Finally, the difficulties involved in extending the theory to larger 
values of R, or to airfoils whose Cirmax VS. a curves are not ap- 
proximately linear up to the stall, are mentioned. 

* It might be mentioned that, since the present paper was written, 
additional experiments have been made and reported by one of the 
present authors: (‘‘Further Experiments on the Variation of the 
Maximum-Lift Coefficient With Turbulence and Reynolds’ Number,”’ 
by Clark B. Millikan, A.S.M.E. Transactions, November, 1934.) 
These experiments were made with rather unconventional airfoil 
profiles, whose lift curves had considerable curvature below the stall. 
As might have been expected, the dependence of Crzmax on Reyn- 
olds’ number and turbulence was quite different from that for con- 
ventional airfoils like the 2412. The desirability of an extension 
of the present theory in order to explain the maximum-lift phe- 


nomenon for some unconventional profiles has, therefore, been ex- 
perimentally demonstrated. 
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Review of Recent Research Work 
in Fluid Mechanics 


By Tu. von KARMAN,! W. BOLLAY,? A. J. IPPEN? 


I—GENERAL 


URING the period reviewed, the first volume of the 
D “Aerodynamic Theory” edited by W. F. Durand (1) 

was published. This contains a section on the mathe- 
matical aids necessary for hydrodynamics and aerodynamics 
by W. F. Durand, a presentation of general fluid dynamics by 
W. F. Durand and M. Munk, and an historical sketch of the 
development of aerodynamics by R. Giacomelli. 

In the magazine Science W. F. Durand (2) gave an article on the 
development of our knowledge of fluid dynamics. A. Eula (3) 
discussed the present state and aims of the experimental research 
in aerodynamics. J. Bukowski (4) published a book on the 
experimental technique used in aerodynamics. The book of 
H. Richter (5) deals with the fundamental laws and the results of 
experimental research concerning flow in pipes. R.Spronck (6) 
discussed in a review the general ideas of hydraulics. 


JI—PorentiaL 


W. G. Bickley (7) calculated the two-dimensional potential 
flow around obstacles of rectangular shape. L. Dufour (8) 
investigated the flow produced in a perfect fluid by movement 
of an elliptic cylinder. B. Caldonazzo (9) computed the non- 
stationary potential flow produced by movement, especially by 
oscillation of a plane airfoil and found some generalized form of 
the well-known Kutta-Joukowski theorem. B. Demtchenko (10) 
gave a proof of the validity of the latter theorem for compressible 
fluids; in his publication he referred to an old and practically 
unknown paper of M. A. Tchapliguine, in which this author suc- 
cessfully extended the Helmholtz-Kirchhoff method of free jets 
to compressible fluids. C. Jakob (11) applied Tchapliguine’s 
method to calculation of the pressures acting on an obstacle in a 
compressible field. 


III—Laminark Viscotvs Fiuips 


J. N. Goodier (12) pointed out the analogous character of the 
differential equation for the stream function in the case of the 
two-dimensional flow of a viscous fluid and of the equation for 
Airy’s function and showed that this analogy can be used for 
practical solution of some problems. W. Miiller (13) investi- 
gated the analogy between heat and vorticity transfer in the case 
of laminar motion. In a second paper W. Miiller (14) investi- 
gated some problems of non-stationary flow in viscous fluids. H. 
Schlichting (15) calculated the expansion of a fluid jet in the case of 
laminar motion. M. Lippke (16) gave a contribution to the theory 
of capillar-tube viscosimeters, computing the necessary corrections 
(Hagenbach’s correction). The case of the laminar flow of a 
viscous fluid entering into a pipe was treated by G. Vogelpohl 
(17). S&S. Goldstein and A. Fage (18) investigated theoretically 
and experimentally the case of two-dimensional steady flow of 
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viscous fluid behind a solid body. They compared the results of 
the boundary-layer theory with those obtained by Filon’s method 
and compared both calculations with the experiment. L. 
Loitzansky (19) gave a new method for calculation of the separa- 
tion point in the case of a laminar boundary layer. H. J. Luckert 
(20) gave a method for integration of the equations of the laminar 
boundary layer, using the transformation of the equations by 
von Mises. N. A. V. Piercy and H. F. Winny (21) calculated 
the case of the laminar boundary layer along a flat plate com- 
paring the results obtained by Oseen’s method with those ob- 
tained by Prandtl and Blasius. C. W. Oseen (22) developed 
further his well-known method for integration of the equations 
of viscous fluids. T. E. Garstang (23) applied Oseen’s approxi- 
mate equations to the flow of a viscous fluid past spinning bodies. 
T. Gustafson (24) applied the theory of Oseen and Zeilon to the 
flow around a rotating cylinder, especially in the case of vanishing 
viscosity. H. B. Squire (25) investigated the problem of the 
flow of a fluid with vanishing viscosity (lim vy — 0) from a general 
point of view, especially the location of the point of separation in 
this limiting case. 

The stability of laminar flow in viscous fluid was the subject 
of a second paper by H. B. Squire (26). He investigated the 
stability of the flow between two parallel walls for three-dimen- 
sional disturbances and showed that this case can be reduced to 
that of two-dimensional disturbances. 


IV—TURBULENCE AND SKIN FRICTION 


Research on turbulence made considerable progress during the 
last year, the practical importance of the turbulence becoming 
more fully realized. As to publications giving a review of the 
state of knowledge of the subject and recent advances, the articles 
of von Kérman (27), Dryden (28), Fage (29), and Loitzansky 
(30) are to be mentioned. J. M. Burgers (31) continued his re- 
searches on the application of statistical methods to the tur- 
bulence problem. W. Tollmien (32) made a critical investi- 
gation on Burger’s methods. G. D. Mattioli (33) advanced a new 
theory of the turbulent interchange with several applications; a 
paper by G. Dedebant, Ph. Schereschewsky, and Ph. Wehrle (34) 
deals with statistical similitude of the mechanism of turbulence. 

Papers dealing with special problems in the field of turbulence: 
H. Kurzweg (35) and L. Schiller (36) investigated the origin of 
turbulent flow experimentally. H. Schlichting (37) continued his 
theoretical investigations of the development of turbulence in a 
boundary layer along a flat plate. J. L. Synge (38) investiguted 
the statistics of heterogeneous fluids rotating between two cyl- 
inders. The articles of A. M. Kuethe and F. L. Wattendorf (39), 
H. Reichardt (40), A. Fage (41), L. F. G. Simmons and C. Salter 
(42), and H. C. H. Townend (43) contain chiefly measurements 
on the magnitude and distribution of turbulent velocity fluctua- 
tion. E. Férthmann (44) investigated the intermingling of tur- 
bulent flows with different velocities (theory of jets). 

F. Wendt (45) published measurements on turbulent flow 
between rotating cylinders. A. Thom and S. R. Sengupta (46) 
measured the torque acting on a cylinder which rotates in an air 
stream. R. J. Cornish’s (47) article deals with flow through fine 
eccentric clearances. R. Gregorig (48) measured the pressure 
drop in straight and curved pipes in the case of large Reynolds 
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number. QO. Fritzsche and H. Richter (49) measured fluid re- 
sistance in curved pipes. Chr. Kentner (50) investigated losses, 
pressure and velocity distribution in a vertical bend. Also a 
paper of O. Miyagi (51) deals with flow in curved pipes. J. 
Allen (52) and P. Vuille (53) made investigations on laminar and 
turbulent flow in open channels. The latter investigated es- 
pecially the influence of roughness. B. Randisi’s paper (54) deals 
with the influence of turbulence on aerodyiiamic characteristics of 
airfoils; E. Ower and R. Warden (55) criticized the methods of 
producing artificial turbulence in wind tunnels. H. Bouasse 
(56) investigated the behavior of turbulent fluid jets in several 
cases, especially their reaction on obstacles. J. A. Kiebel (57) 
gave a review of the problem of atmospheric turbulence; H. 
Kohler (58) published special investigations on atmospheric tur- 
bulence; H. Ertel (59) investigated magnitude and distribution 
of the turbulent exchange coefficient in layers near the ground. 

K. E. Schoenherr (60) reviewed the experimental material 
concerning the frictional resistance of flat surfaces moving 
through a fluid, gave a new formula for the skin-friction based on 
von Karmdén’s turbulence theory and contributed interesting 
experimental facts to the problem of the transition between 
laminar and turbulent boundary layer. A. Fage’s paper (61) 
deals with the skin-friction of flat plates below the critical 
Reynolds number. L. Prandtl and H. Schlichting (62) published 
calculations on the skin friction of rough plates. F. Gebers (63) 
investigated the influence of the shape of plates on their frictional 
resistance. H. F. Nordstrém (64) discussed the problem of 
frictional resistance of ships. 


V—VortTEx Morion 


Quite a number of articles published in the last year dealt 
with the generation and motion of vortex systems. F. Tricomi 
(65) tried to give a new illustrative interpretation of the curl in 
fluid motion. A. Masotti’s paper (66) deals with the general 
theory of vortex-source combinations. W. B. Morton (67) 
and A. Kneschke (68) discussed the points of relative rest of 
parallel vortices. E. Laura (69), W. W. Golubeff (70), and L. S. 
Da Rios (71) discussed the stability of systems of vortex fila- 
ments in different arrangements. E. Paul (72) and A. Miyadzu 
(73) calculated the motion of a vortex near different boundaries. 
V. Garten’s paper (74) deals with the motion of a vortex column 
with a cross-section of finite area. A. Ratib (75) calculated the 
effect of viscosity on eddies. N. W. Akimoff (76), O. Nomoto, 
Y. Sakagami, and Y. Fujii (77), and finally H. F. Winny (78) 
published experimental investigations on vortex systems; the 
latter investigated the interesting case of a vortex system gener- 
ated behind a sphere moving in a fluid. J. Letzmann (79) made 
interesting theoretical and experimental investigations regarding 
atmospheric vortices. 


VI—WAVEs AND Suir RESISTANCE 


Miss M. L. Dubreil-Jacotin’s paper (80) deals with the exact 
determination of the shape of waves with finite height. M. 
Schuler (81) investigated breaking of waterwaves on the ocean. 
A. Dimpker (82) investigated the waves produced by the oscilla- 
tion of a plate on the water surface. E. G. Barrillon (83) gave 
an introduction to the theory of wave resistance which is worth 
mentioning. C. Wigley (84) gave a résumé of the advance made 
since 1930 in the calculation of the resistance and shape of waves 
generated by the motion of a ship. Th. von Karman (85) re- 
ported at the Cambridge Congress on (a) the minimum wave- 
resistance of cylindrical bodies, (b) the resistance of a gliding 
plane surface of infinite span and (c) the resistance of a gliding 
plane surface with finite aspect ratio. T.H. Havelock (86) made 
new contributions to the calculation of wave resistance. L. 
Sretenskij’s paper (87) deals with the problem of a flat plate 
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gliding on the water surface. H. Wagner (88) gave a general 
review of the problems of gliding of bodies over a water surface. 
G. Weinblum (89) investigated the wave resistance of boats with 
rounded shapes. W. Graff (90) investigated the wake resistance 
of such shapes. S. Truscott (91) gave a description of the new 
high-speed towing basin for testing of seaplane float models. 
L. J. Coombes (92) presented data concerning wall interference, 
depth effect, and scale effect in tank tests on sea-plane models. 
H. E. Saunders and A. 8. Pitoe (93) reported on full-scale trials 
of a destroyer, H. E. Saunders (94) on tests with three geo- 
metrically similar ship models, K. Helm (95) on model test of a 
river boat in flowing water. O.Schlichting (96) gave a method to 
compute resistance of boats moving in shallow water. W. G. A. 
Perring (97) made a theoretical study of the stability of sea-planes 
and compared his results with those from model tests. S. Wata- 
nabe (98) continued his investigations on impact of a plate on the 
water surface; this problem has some importance for the correct 
landing of floats. 


VII—CaviraTion 


Interesting experimental investigations on the mechanism of 
cavitation have been carried out under Hunsaker (99) at M.I.T., 
especially the flow through a diffuser being investigated. D. 
Riabouchinsky (100) published some considerations on the 
possible types of fluid motion with cavitation. E. F. Eggert 
(101) reported at the meeting of the Society of Naval Architects 
and Marine Engineers on experiments carried out in the U. 8. 
Experimental Model Basin on propeller cavitation. P. de Haller 
(102) and H. Schréter (103) dealt with the problem of corrosion by 
cavitation. 


VIlI—Lirr anp 


Streamlining, Wing Theory. E.V. Huntington (104) investi- 
gated the air resistance of falling spheres. S. Nikitine (105) 
made some observations on possible reduction of the drag of a 
body in a liquid by producing a layer of air at the surface of the 
body. F. Westendorp (106) published investigations on resis- 
tance of railway train models. R. H. Heald (107) investigated the 
aerodynamic characteristics of automobile models. Other papers 
about streamlining of automobiles by W. E. Lay (108), M. C. 
Horine, P. Altman, H. G. Winter, E. G. Reid, R. H. Upson (109), 
and M. Platt (110) are to be mentioned. 

J. E. Garrick (111) calculated the theoretical pressure distribu- 
tion for a large number of airfoils, using Theodorsen’s method. 
F. Weinig (112) calculated the influence of the shape of the 
leading edge on the pressure distribution in the case of symmetri- 
cal profiles. A. Betz (113) and J. Stiiper (114) tried to develop 
methods which would facilitate the computation of the real pres- 
sure distribution on airfoils, i.e., the correction of the theoretical 
pressure distribution due to viscosity and boundary layer. 
M. Biot (115) calculated the induced drag of a wing with di- 
hedral. L. Poggi (116) improved the present method of calcula- 
tion of auto-rotative moments, taking into account the velocities 
induced by the trailing vortices. He found that the deviations 
from the results obtained by the usual “strip-method” are in 
many cases quite considerable. A. Dufaure de Lajarte (117) in- 
vestigated critically the usual applications of the first order wing 
theory to the calculation of the down-wash behind a wing. W. 
8. Diehl (118) gave semi-empirical formulas for the distribution 
of the lift of biplanes. Two papers of C. Ferrari (119) deal with 
the theory of the biplane with infinite aspect ratio. Another 
paper of the same author deals with the interference between 
wing and propeller (120); the same subject has been treated by 
C. Wieselsberger (121). J. Vladea (122) investigated the inter- 
ference between wing and fuselage. 

Considerable work has been done on the subject of wind-tunnel 
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interference. H. Glauert (123), and C. N. H. Lock and F. C. 
Johansen (124) investigated the wind-tunnel interference on the 
drag of symmetrical, and especially streamlined bodies. S. 
Tomotika (125) and others calculated the influence of walls on 
the lift of a flat plate. L. Sackmann (126) investigated experi- 
mentally the flow past an obstacle between parallel plates. E. 
Pistolesi (127) solved the problem of a wing traversing a free jet; 
the same problem has been treated according to a different method 
by Stiiper (128). The interference of the wind tunnel with 
rectangular cross-section was the subject of several papers— 
various authors obtaining partly conflicting results. The results 
of Th. Theodorsen (129) and L. Rosenhead (130) are partly er- 
roneous; Toussaint (131) gave the correct calculations. The 
cause of the discrepancy was revealed by P. de Haller (132) ina 
paper presented to the International Congress for Applied 
Mechanics in Cambridge. A critical summary of wind-tunnel 
interference on wings, bodies, and air-screws was given by 
H. Glauert (133). C. B. Millikan (134) and E. F. Relf (135) 
reported on the effects of turbulence on variations in maximum- 
lift coefficient. E. Weinel (136), F. Numachi and J. Masuko 
(137), F. Weinig (138), L. Lazzarino (139), and I. Lotz (140) 
published theoretical investigations on the flow through lattices. 
K. Frey (141) investigated experimentally the reduction of 
energy losses in channels by a system of vanes. 


IX—ComPRESSIBLE FLvuIps 


F. Frankl (142) investigated theoretically the flow of com- 
pressible fluids in the case in which the velocity of the flow is of 
the same order as the velocity of the sound. A. Huber (148) 
calculated the oscillations in pressure and velocity of an ideal 
compressible fluid moving in an elastic pipe. The mathematical 
investigations of J. A. Kiebel (144) deal with the theory of the 
motion of compressible fluids taking into account the influence 
of gravity. A. F. Zahm (145) discussed the dynamics of very 
rare fluids with applications to the conditions in the stratosphere. 


X—EXPERIMENTAL METHODs IN FLUID MECHANICS 


In this section some papers are collected in which the authors 
presented more or less new methods for flow-investigations or dis- 
cussed rules for model investigations. 

A. Favre (146) suggested a new method for the exploration of 
the velocity around obstacles, using colored fluid filaments oscil- 
lating with a given frequency; if the velocity of the fluid is 
variable along a streamline the wave length of the filament will be 
variable and the velocity can be estimated by measuring the wave 
length. 

Several papers discussed the problem of model rules based on 
considerations of mechanical similarity. The papers of V. 
Joukovsky and P. Wolkoff (147), F. Gutsche (148), E. Engel 
(149), M. Lelli (150), and G. De Marchi (151) are to be men- 
tioned. 

T. B. Abell (152) used the Hele-Shaw method for photographi- 
cal study of a ship’s wake, U. Schmieschek (153) suggested some 
improvements for illuminating liquid currents for flow pictures. 
A. Fage (154) obtained a new kind of flow picture by means of 
the ultra-microscope. D. Riabouchinsky and V. Volkovisky 
(155) reported on their new experimental technique for visualizing 
air flow especially close to solid boundaries and for high, partly 
supersonic velocities. C. Sadron (156) showed that the velocity 
distribution in optically active viscous fluids ean be measured by 
observing the double refraction of light due to the shearing stress 
in the liquid. 

Several papers deal with improvements of the hot-wire anemome- 
ters for measuring magnitude and directions of the air veloci- 
ties. M. Ziegler (157), J. Ulsamer (158), and T. C. Sen (159) 
tried to use the hot-wire for measuring the velocity of air and 


of water and found a method which is feasible at least for low 
velocities. L. S. Marks (160) suggested a new kind of pitot- 
tube suitable for the determination of the magnitude and direc- 
tion of the velocity of a fluid. A. Egal (161) devised a thermo- 
electric method of measuring liquid flow by having one end of the 
thermocouple near the inside walls of a tube, the other end on the 
outside under a controlled temperature. When there is a fluid 
flow, a difference of potential arises which can be calibrated 
against the velocity. T. Sasaki and T. Yosida (162) designed 
speedometers for airplanes which indicate true air-speed inde- 
pendent of the altitude. A. H. Fette (163) reported on the use 
of a rotating chamber for a study of pressure and velocity distribu- 
tion in rotating channels. 


XI—Some Spectat 


In this section some special problems of technical interest are 
mentioned. A paper of M. Muskat (164) deals with the flow of 
a compressible fluid through porous media with application to 
the motion of natural gas through the earth. The paper of W. 
Hurst (165) deals with a similar problem. C.G. J. Vreedenburgh 
and QO. Stevens (166) studied the flow of fluids through porous 
media by an electrodynamic analogy. 

The paper of E. Tyler (167) deals with the instability of liquid 
jets taking into account the capillarity of the fluid. A. Weinstein 
(168) extended the theory of discontinuous potential motion 
introducing the effect of capillarity in the boundary connection of 
the free surface. 

Several] papers deal with the problem of motion of sediment 
in water and air. W. Barth (169) studied the motion of dust 
particles in pumps and ventilators. E. Kilb (170) calculated the 
upward speed of an air current necessary to support a hailstone. 
M. Biot (172) gave the equations of movement of a fluid holding 
particles in suspension. A. Schoklitsch (173) and M. P. O’Bryan 
(174) deal with the problem of bedload carried by water in 
channels and rivers. 
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A Review of Recent Papers on Plasticity 


By A. NADAI,' EAST PITTSBURGH, PA. 


T THE International Congress for Applied Mechanics, held 
in Cambridge, England, in July, 1934, G.I. Taylor, Yar- 
row Professor of the Royal Society, reported on some fur- 

ther remarkable results of his own investigations on the mecha- 
nism of plastic deformation of crystals.2_ While the geometrical 
manner in which the permanent deformations in a single crystal 
occur, particularly in the metals having crystals of the regular sys- 
tem, is well understood and has been carefully analyzed in a num- 
ber of recent investigations by Elam and Taylor, Gough, E. 
Schmid, Polanyi, and others, there remained much to be learned 
concerning the mechanical laws on which are dependent some of 
the fundamental strength properties of the metal crystals. It 
is known that certain important strength properties, such as the 
yield stress or the stress at rupture, could not, until recently, be 
quantitatively predicted from the data of the lattices. Other 
characteristic phenomena, such.as the “strain-hardening” of a 
soft single crystal, could not be understood; that is, it was not 
clear why the stress required to produce further plastic distor- 
tion must increase quite considerably while the lattice structure 
apparently remains intact. Only during the last few years has 
more light been thrown on some of these interesting properties of 
metal crystals and it is only since giving up the concept of the 
perfect crystal that the consequences of the various effects of 
certain deviations from the regular arrangements of the lattice 
elements, and of other “imperfections” of the crystal lattice 
structure, have been considered. 

From the investigations aforementioned, it has been found 
that if one plots the component of the shearing stress in the 
direction of slip (7) as a function of the shear strain (7), measured 
as the ratio of the relative slip of two parallel planes of slip to the 
distance between them, the stress-strain curve [r = f(y)] thus 
obtained at a given temperature is a unique curve for single 
crystals of a given metal. The first yield stress at which the 
plastic deformations start is practically negligible when compared 
to the shearing stresses (7) in later stages of the deformation of a 
single crystal. For aluminum, copper, gold, and iron single 
crystals, these curves resemble ordinary parabolas. 

In his recent papers,? G. I. Taylor makes some very remarkable 
suggestions about the mechanism of slip, describing here for the 
first time a comparatively simple mechanism which not only 
enables him to obtain strain-hardening in a lattice structure but 
also enables him, from a few simple assumptions, to predict quan- 
titatively the parabolic shape of the strain-hardening curve of a 
single crystal. 

Until recently the phenomenon of gliding was generally re- 
garded as a simple shift of one portion of the crystal relative to the 
other by the multiple of the atomic distances. It seems that the 
great theoretical difficulties which arise from this assumption are 
completely eliminated when, according to Taylor, the slipping 
is considered to occur not simultaneously over all the atoms of a 
slip plane but over a limited region. Thus he is led to introduce 
certain “dislocations.” These are “traveling” disturbances in 
the regular arrangement of the elements of the lattice (of the 


1 Research Laboratories, Westinghouse Electric & Manufacturing 
Co. Research Professor, University of Pittsburgh, Pa. Mem. 
A.S.M.E. 

2“The Mechanism of Plastic Deformation of Crystals,’’ by Prof. 
G. I. Taylor, Proceedings, Royal Society of London, vol. 145, no. 
A-855, 1934: See part I: “Theoretical,” p. 362; and part II: 
“Comparison With Observations,” p. 388. In the same issue of these 
proceedings see also, ‘The Strength of Rock Salt,” p. 405. 


regular spacing of the atoms) starting from a center and moving 
along lattice planes. It is assumed that in two adjacent layers of 
atoms, one layer contains, over a certain given length, one more 
unit cell of the lattice than the adjoining layer. Such a dis- 
turbance produces “potential hills and valleys” in the inter- 
atomic force fields and makes it possible for one atom whose 
connections are the weakest to jump over its potential barrier 
into a vacant place, its movement being actuated by the thermal 
agitation of the lattice structure. Thus the effect of the tem- 
perature is brought into play by allowing for ‘‘Platzwechsel” 
(“jumps” from one position of equilibrium of an atom to a neigh- 
boring and more stable position). This effect has also been 
suggested by Richard Becker and L. Prandtl in an investiga- 
tion of the plasticity of amorphous materials and an investiga- 
tion of elastic hysteresis, respectively. The stress distribution 
near a single dislocation is compared with a known case of 
inherent stress in an elastic body, slotted along a plane. A 
length L, the mean width of small subdivisions (blocks) of the 
crystal, is introduced. The boundaries of the crystal are sup- 
posed to be impervious to the movement of these dislocations. 
If + designates the shearing-stress component, y the plastic 
shear strain, G the modulus of rigidity, \ the lattice con- 
stant (distance of two atoms in the slip plane along the direc- 
tion of slip), the mechanism just indicated leads to the following 
relation: 


+ = const. 


This expression is remarkable because of its extreme simplicity. 
Thus, the stress-strain curve [r = f(y)] for a single crystal is a 
parabola. 

Professor Taylor compares this formula with results of tests 
conducted by himself, and also by Schmid and Boas, on single 
aluminum crystals at various temperatures and finds that 
various conclusions agree very well. He also applies the theory 
to a non-metallic substance, namely, rock salt. For the length 
L, which corresponds somewhat to the free path of a dislocation, 
his estimates are furnishing values of the order of 10-4 cm 
for rock salt. This is the same order of magnitude as the 
mean dimensions of the ‘blocks’ of the mosaic structure as- 
sumed by various recent investigators of the strength properties 
of crystals. 


TENSILE Tests UNDER HigH VELOCITIES OF DEFORMATION? 


The effect of the speed of deformation on the yield stress when 
ductile metals are stretched is becoming more and more im- 
portant, especially in tests where either the temperatures are 
raised or where the stretching velocities increase rapidly, such 
as in impact tests. Brinkmann investigates the effect of the 
speed of deformation for copper at normal temperatures. Using 
a piezo-electric strain gage and an oscillograph, he compares the 
yield stresses in tensile impact tests made with copper bars 
with slow tests made under ordinary speeds of deformation. For 
the same amounts of elongation, the yield stresses increase as the 
logarithms of the speeds of deformation, when tests made under 
varying velocities are compared. The range of these velocities 
varied as 1 to 10°. 


3 “‘Zerreissversuche mit hohen Geschwindigkeiten,” by Hans 
Brinkmann, Doctor’s thesis, Techn. Hochschule Hannover, 1933. 
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RECENT PROGRESS IN THE DeEsIGN OF HELICAL SpriINGs* 


The law of elasticity is utilized by engineers daily in all kinds 
of force-measuring devices and instruments. Spring scales 
have been built for 300 years, since the time of Robert Hooke. 
It is only recently, however, that efforts to perfect the spring 
scales have succeeded to an extent that they become instruments 
with a known range of accuracy. As spring scales and helical 
springs are universally used as the most convenient and simplest 
force-measuring devices in testing materials and in scientific 
laboratory practice, it was thought that it is perhaps of interest to 
engineers to know that recent important advances have been 
made by mechanical analysis which have improved the accuracy 
of the springs and reduced their inherent defects to a negligible 
minimum. 

M. F. Sayre,* A. V. de Forest,* R. B. Wasson,’ in cooperation 
with George E. Chatillon & Sons, have developed an improved 
spring material which, within limits, is not sensitive to tem- 
perature changes. Inasmuch as the modulus of elasticity and 
of rigidity is a function of the temperature, the calibration 
constant of a spring depends on the temperature to which it is 
exposed. With the use of this spring material, complete elimina- 
tion or reduction to very small amounts has been effected in 
defects such as elastic after-effects, hysteresis, creep, differential 
variation in length due to difference of the thermal-expansion 
coefficients of the spring and the other parts of the balance, 
untwisting of the helical spring causing a deviation of the straight- 
line characteristics, etc. 

Alloys such as Invar and Elinvar (36 per cent nickel, 12 per 
cent chromium, 1 per cent silicon, and the rest iron) which are 
known to have a low thermal-expansion coefficient have other dis- 
advantages which seem to have been overcome in the new “‘iso- 
elastic alloy” recently suggested. A number of formerly disturb- 


4 “New Spring Formulas and New Materials in Precision Spring- 
Scale Design,” by M. F. Sayre and A. V. de Forest. Paper presented 
at A.S.M.E. Annual Meeting, December 3-7, 1934, New York, N. Y. 

* Associate Professor of Applied Mechanics, Union College, 
Schenectady, N.Y. Mem. A.S.M.E. 

® Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. 

7 George E. Chatillon & Sons, New York, N. Y. 
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ing secondary defects also have been eliminated successfully by 
a clever arrangement of the ends of the helical coils, by using flat 
rectangles as wire cross-sections, by combining two helical springs 
of equal length but wound in opposite senses, by attaching the 
springs to flexible arms which will correct for the non-linear 
characteristics of coiled springs, etc. 

The details and comparative test results about the elastic 
properties of various materials may be found in various recent 
papers* by M. F. Sayre and in the paper by M. F. Sayre and 
A. V. de Forest just mentioned. 


On Sprrav Cracks or Fus1 Voucano® 


An interesting observation has been made by geophysicists in 
Japan. S. Fujiwhara finds when mapping the locations of the 
secondary cones situated on the slope of the great volcanic cone of 
the Fujiyama, that they are arranged along regular curves of 
spira] shape. lt is known that around the impression of a stamp 
pressed into soft steel, logarithmical spirals become visible as slip 
lines on the polished surface of the specimen. The theory of the 
equilibrium of loose materials (sand) can be based on the proper- 
ties of these surfaces of slip, which in the case where solid friction 
is present, will intersect each other at given angles. Systems of 
logarithmical spirals, as slip lines around a cavity with pressure 
acting within it in a radial direction, are known also to occur in 
loose materials. Although the mechanical conditions in the 
interior of a large volcano consisting partly of ejected ashes and 
partly of the solidified and slowly cooling magmatic materials 
cannot be supposed to be of a simple nature, it is remarkable 
enough that the secondary craters on the slope of the main 
cone are situated along such regular spiral lines as described by 
Fujiwhara, indicating that the stress field in the interior of a 
volcano is radially symmetrical. 


§“Laws of Elastic Behavior in Metals,’ by M. F. Sayre, 
Trans. A.S.M.E., July, 1934, paper RP-56-7; ‘‘Plastic Behavior in 
the Light of Creep and Elastic Recovery Phenomena,” by M. F. 
Sayre, Trans. A.S.M.E., July, 1934, paper RP-56-8. 

®*“On Spiral Cracks of Fuji Volcano,” by S. Fujiwhara, Geo- 
physical Magazine, vol. 7,no. 2, 1933, published by the Central Mete- 
orological Observatory, Tokyo, Japan. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data and 
information drawn chiefly from papers previously pub- 
lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Applied 


Mechanics Division on strength of materials (R. E. Peter- 
son, chairman), under the general guidance of S. Timo- 
shenko. 

The first contribution, which follows, is by A. M. Wahl 
and treats of the subject of spring design. Future articles 
will cover various phases of mechanics, dealing in the 
first instance with questions on the strength of ma- 
terials. 


Helical Compression and Tension Springs 


By A. M. WAHL,! EAST PITTSBURGH, PA. 


FoRMULAS 


ORMULAS for calculating load, deflection, and stress in 
Firciea compression and tension springs of round or square 
wire are given in Table 1. Based on recent research,? the 
stress formulas differ from those ordinarily used in that they are 
multiplied by a factor K (Fig. 1) dependent on the ratio cof mean 
coil diameter to wire diameter (or side of square cross-section). 
This factor takes into account the stress increase due to curva- 
ture and direct shear, and, though derived primarily for round- 
wire springs, also gives sufficiently accurate results for most 
practical purposes when applied to square-wire springs,’ the 
formulas for which are based on St. Venant’s theory.‘ 
The formulas given in Table 1 do not apply accurately to 
open-wound springs when the pitch angle is in excess of 12 deg 
but these are not often used in practice.® 


INACTIVE TURNS 


The number of inactive turns in springs depends on the design 
of the end coils. For the usual design of compression spring 
(Fig. 2) where the end turns are set up and ground as indicated, 
an approximation will be had by assuming one inactive turn at 
each end of the springs. The number of active turns then will 
equal the total number of turns (including the tapered end turns), 
minus two. For the shape of tension spring shown in Fig. 3 the 
number of active turns will be slightly greater than the nominal 
number in the body of the spring, due to the additional de- 
flection of the hooks at the ends. 


1 Research Engineer, Westinghouse Research Laboratories, 
Westinghouse Electric and Manufacturing Company, East Pittsburgh, 
Pa. Assoc-Mem. A.S.M.E. 

2 “Stresses in Heavy Closely Coiled Helical Springs,’ by A. M. 
Wahl, Trans. A.S.M.E., 1929, paper APM-51-17. This factor K 
agrees closely (within 2 per cent for round-wire springs) with a formula 
derived using more exact theory by O. Gdhner. See ‘Die Berechnung 
Zylindrische Schraubenfedern,”’ Zeit. V.D.I., Mar. 12, 1932. More 
exact formulas for square- or rectangular-wire springs are also given 
in the latter article. 

3“Further Research on Helical Springs of Round and Square 
Wire,” by A. M. Wahl, Trans. A.S.M.E., 1930, paper APM-52-18. 

‘“Strength of Materials,’’ by S. Timoshenko, part I, p. 77, 
D. Van Nostrand Co., New York. See also article mentioned in 
footnote 3. 

5 For calculating such springs, see article by Géhner, loc. cit. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until May 10, 1935, for publication at a later date. 


Unless supported laterally, compression springs should not 
have too great a length as otherwise undesirable buckling effects 
may occur.® 

Cuarts For TENSION OR COMPRESSION SPRINGS 


The charts shown in Figs. 4 and 5 are given to enable the de- 
signer to make a rapid computation of load and deflection in 


TABLE 1 FORMULAS—HELICAL TENSION AND COMPRESSION 
SPRINGS 


ROUND WIRE 
SPRING 


Pp 


2 


cS 


r- 


SQUARE WIRE 
SPRING 


f = TOTAL 
DEFLECTION 
OF SPRING 


f= 44.5 Pr3n 
Gb 


S=MAXIMUM| 
SHEARING 
STRESS 


- 4.80PrK 


P =LOAD 


3 
ON SPRING | P = 


=4.80FK 


= 5 615 
IN ALL K ac-4 


WHERE FOR ROUND WIRE 


FOR SQUARE WIRE 


VALUES OF K MAY BE TAKEN FROM THE CURVE OF FIG.!I 
G = TORSIONAL MODULUS OF ELASTICITY IN LBS/SQ. IN. 
Tl = NUMBER OF ACTIVE TURNS 


* For calculating buckling loads, see article “‘Die Knickung von 
Schraubenfedern,” by R. Grammel, Proc. First International Con- 
gress for Applied Mechanics. 
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x \8 the number of active turns n (S being the work- 
a ing stress in the spring at a deflection f). 
17 
F \ _ deflection per active turn is given by Cy X 
< 
u 6 \ ———.. In cases where the torsion modulus 
z a 10,000 
2 LS 7 G is different from 11,400,000 (as for alloy- 
steel, phosphor-bronze, or severely cold-worked 
a springs), the value of f thus computed must 
11,400,000 
on > be multiplied by the ratio ae Tne Thus 
2 L2 —_ in the example given in the chart where f = 
4 —— 0.094 in., if the torsion modulus G is actually 
= - 10,000,000 Ib per sq in., the total deflection f 
% 10 11,400,000 
=— (SQUARE WIRE 
SPRING INDEX C =-7~ (ROUND wIRE)OR b (sa ) It should be noted that there will always be 
Fig. 1 Curve ror CompuTine Srress-Muttipiication Factor K—HELIcAL a small inaccuracy in reading the charts, par- 
TENSION OR COMPRESSION SPRINGS ticularly if interpolations are made. Hence, 
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helical tension or compression springs of round wire when the I '// 
working stress is known. 
To compute the load on the spring, the factor C;, is first ob- 8 Ht Tt 8 
tained from Fig. 4 by finding the intersection of the vertical 6 Lf 
ordinate representing the wire diameter and the curve repre- ] H 
senting the outside coil diameter OD (see example and dotted adi. 1 ]/ * 
line on chart). Interpolation may be necessary for intermediate 3 7; 7 3 
dimensions. The permissible load P on the spring is found by f . 
2 
multiplying C; by the ratio where S is the allowable / [fle 
’ < 
working stress (in shear). (The load P may also be considered S . / ;' 
as that which will produce a maximum shearing stress S in the a Ly la 
To compute the total deflection of the spring, the factor C2 y LI] P= C1 W000 WHERE — 
is likewise obtained from Fig. 5, from the wire diameter and 4 / 
outside coil diameter (see example). The curves shown are 3 / IZ S_LBS/SQ. IN ® 
based on a torsion modulus G = 11,400,000 lb per sq in., which 7 7 Hf 
approximates the actual value for ordinary carbon-steel springs. 2 7 i TTT 2 
Hence, for such springs, to find the total deflection f, the value Tif c 
S 
of C, thus found is multiplied by the ratio and by J | Wi: ' 
06 
Fic. 4 (Right) Cuart ror Vauues or Loap Factor C;—HE atic 
CoMPRESSION OR TENSION SPRINGS OF RounD WIRE 
(Example: Wire diam = 0.080 in.; S = 50,000 lb per sq in.; outside coil 01 02 .03 04 ..4 I 56 8h 14 
diam = 1/: in. From chart C; = 3.6—see dotted line—P = 3.6 S000 = 
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if high accuracy is necessary, springs should be calculated by 
using the formulas of Table 1. It should be noted, however, 
that because of unavoidable commercial variations in coil di- 
ameter and wire size, the actual deflection of the spring will 
usually deviate by several per cent from that calculated, except 
where special precautions in manufacturing have been taken. 

For calculating square-wire springs, the charts of Figs. 4 and 5 
may also be used. It is merely necessary to calculate the load 
and deflection at the given working stress for the corresponding 
round-wire spring, i.e., one having the same outside coil di- 
ameter, number of turns, and a wire diameter equal to the side 
of the square cross-section. The loads thus found are multi- 
plied by the factor 1.06 and the deflections by 0.738 to find 
those for the square-wire spring at the given stress. 


WorKING STRESSES 


The choice of working stresses for springs depends on a great 
many factors, among which are: (1) kind and quality of material 
used, (2) decarburization of the surface layers which may act to 
reduce the fatigue strength of the material to less than one-half 
that with the surface layers ground off,’ (3) condition of surface, 
i.e., whether rough or smooth, (4) stress range to which the spring 
is subjected, a smaller stress range permitting a higher working 
stress,* (5) number of repetitions of load, a considerably higher 
working stress being allowable if the load is applied only a few 
times, and (6) corrosion effects, which operate to greatly reduce 
spring life. 

If failure of the spring is a serious matter, and the spring is 
under severe operating conditions, the working stress should be 
lower than is otherwise advisable, while special precautions in 


TABLE 2. ALLOWABLE WORKING STRESSES? IN SHEAR—HELI- 
CAL COMPRESSION OR TENSION SPRINGS (STEEL) 


Severe Average Light 
Diameter of wire, inches service service service 
Up to 0.085 60,000 75,000 93,000 
Above 0.085 to 0.185 55,000 69,000 85,000 
Above 0.185 to 0.320 48,000 ,000 74,000 
Above 0.320 to 0.530 42,000 52,000 65,000 
Above 0.530 to 0.970 36,000 45,000 56,000 
Above 0.970 to 1.5 32,000 40,000 50,000 


® Used as a basis for design by Westinghouse Elec. & Mfg. Co. 


manufacturing and inspection may be necessary. In such cases 
it is well to consult the spring manufacturer, particularly since 
the fatigue strength of springs may be considerably increased 


7 See, for example, Special Report No. 5, Department of Scientific 
and Industrial Research, ‘‘Endurance of Spring Steel Plates Under 
Repetition of Reversed Bending Stress,’’ by G. A. Hankins, pub- 
lished by H. M. Stationery Office, London. 

8’ Some fatigue-test data are given in ‘‘Permissible Stress Range 
for Small Helical Springs,” by F. P. Zimmerli, Univ. of Mich., Eng. 
Res. Bulletin No. 26. 
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by the use of recent developments in spring materials and manu- 
facturing technique. 

An example of actual working stresses for ordinary carbon- 
steel springs is given in Table 2. 

For phosphor-bronze springs 50 per cent of these values are used. 
It will be noted that lower stresses are used for the larger wire 
sizes and for severe service, in accordance with practical ex- 
perience. In most cases, these stresses will be found to be con- 
servative, and often may be increased at the discretion of the 
engineer, particularly if higher grade materials and manufacturing 
technique are employed. 

A more rational method of determining working stress in 
general,® which may be applied to spring design, will appear 
later. 


® A discussion of this is given in ‘‘General Considerations in De- 
signing Mechanical Springs,” by A. M. Wahl, Machine Design, May, 
1930. 
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Book Reviews 


Thermodynamics 


TECHNISCHE THERMODYNAMIK. By W. Nusselt. V.D.I. Samm- 
lung Géschen. No. 1084. Berlin/Leipzig, 1934. Walter de 
Gruyter and Co., G. E. Stechert and Co. Cloth, 4 X 6 in., 
144 pages, 65 figs., $0.60. 


REVIEWED sy Joun A. Gorr! 


HE author of this small book must be commended on a 

presentation of the elements of engineering thermodynamics 
which is at once singularly brief and comprehensive. A short 
introduction sketches the historical background of the subject. 
There follows a development of the First Law which is charac- 
terized by careful distinction between external work of expan- 
sion and what the author calls “technical work,” that is, external 
work derived from steady fluid flow. An appreciation of the 
fundamental difference between reversible and irreversible proc- 
esses is essential to a clear understanding of the laws of thermo- 
dynamics and especially of its application to such technically 
important processes as heat transfer, combustion, and fluid 
friction. The author pays careful attention to this difference 
throughout the book. His development of the Second Law is 
particularly clear and understandable. 

Of special interest is the chapter on properties of vapors with, 
of course, special reference to the properties of steam. The 
more important “characteristic equations” for superheated steam 
that have been proposed, from that of Zeuner (1867) to that of 
Keyes and Smith (1934), are listed chronologically with brief 
comments on their salient features. In this way, the applica- 
tion of thermodynamics to the study of higher and higher pres- 
sures and temperatures is emphasized. The book recommends 
itself to readers of German—practicing engineers and students 
alike. 


Theory of Elasticity 


THeory or Exasticiry. By S. Timoshenko. Engineering 
Societies Monograph Series. McGraw-Hill Book Company, 
Inc., New York, 1934. Cloth, 5*/, X 9in., 416 pp., 203 figs., $5. 


REVIEWED By D. L. Hou? 


HIS is one of the series known as “Engineering Societies 

Monographs,” published under the joint auspices of four 
national engineering societies whose aim “‘. . . is to make accessible 
to many users of engineering textbooks information which other- 
wise would be long delayed in reaching more than a few in the 
wide domains of engineering.” In this respect the service ren- 
dered by the societies is greatly appreciated and the timely 
appearance of a book on elasticity by an eminent and productive 
author is being welcomed by an increasing number of interested 
readers. It provides a mine of important methods and applica- 
tions of general theory to technical problems for which the ele- 
mentary methods of strength of materials is inadequate. It 
helps bridge the gap between the common run of elementary 


1 Professor of Thermodynamics, University of Illinois, Urbana, II1., 
Assoc-Mem. A.S.M.E. 
? Professor of Mathematics, Iowa State College, Ames, Iowa. 


texts on strength of materials and the more comprehensive 
treatises. 

By introducing elementary but fundamental solutions of two- 
dimensional problems, the author inductively builds more com- 
plex solutions by the principle of superposition of stress systems 
and arrives at the disk problem under general loads (p. 107) and 
to the problem of a finite force or couple in an infinite plate 
(p. 111). Many readers would have been pleased to have the 
author introduce the Weighardt-Westergaard “slab-slice” anal- 
ogy of Airy’s stress function, and others would prefer that 
additional treatment be given the Fourier integral solutions of 
the differential equation of stress. The latter method is briefly 
mentioned in the von Kdérman-Seewald problem where the new 
and interesting result is found that the deflection of the central 
line of a long beam is wave shaped outside of a region of high 
concentration of loading. An even greater technique in em- 
ploying the superposition principle is given in chapter 11 where 
the problems of three-dimensional axially symmetrical systems 
furnish the solutions of Boussinesq and of thick circular plates 
in terms of rational integral functions of the coordinates (Legendre 
polynomials). 

Extended expositions of photoelastic examination of stresses 
(with an adequate treatment of multiply connected regions, 
p. 115 et seq.), of soap-film determinations for the torsion and 
flexure problems, and for the invariant sum of principal stresses 
o; + o, are given in considerable detail. Important place is 
given to the minimizing method of Ritz to two-dimensional stress 
problems, to the torsion and flexure of prismatical bars. Com- 
plex function theory, curvilinear coordinates, geometrical inver- 
sion of stress systems, solid zonal harmonics, elliptic integrals 
(Hertz’s contact pressures), Bessel’s functions (circular cylinder 
stresses on p. 352), and the solution of differential equations by 
the method of successive approximations (twist of thick circular 
ring problem) indicate the type of analytical tools employed in 
the analysis. Such a formidable array of mathematics causes 
one to question the author’s statement in the preface that .. . 
“The mathematical derivations . . . do not require more mathe- 
matical knowledge than is given in engineering schools.” In 
justice to the author the reviewer hastens to add that much of 
the foregoing, although of practical importance, is relegated to 
small type and may be omitted during the first reading. 

Apart from the general theory of stress and strain and the 
compatibility equations, the chapters on two-dimensional prob- 
lems, torsion, flexure of prisms, and axially symmetrical stress 
problems receive the greater share of attention. The chapters 
on strain-energy methods, complex variable (fine print), and wave 
propagation are treated less extensively. 

The symbolism used follows largely that of the German writers. 
There is an occasional use of Lame’s constant ». The author 
uses » for Poisson’s ratio. Among other symbols in use for this 
constant are uz, 7, and m. Some standard list of symbols ought 
to be urged upon writers of forthcoming articles to this journal 
and perhaps the list of notations in this book with some changes 
might serve the purpose. It might be well to adopt a single sym- 
bol for stresses instead of ¢ and r. On pages 64 and 86 appears 
ero for yee. This may indicate a natural tendency to be con- 
sistent in the symbols used for strains. While it is not incorrect 
to use rzy and ryz interchangeably, many of the figures (e.g., 
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113 and 129) and equations would satisfy the meticulous reader 
if the defining convention of page 4 were followed more closely. 

Apart from a few minor errors, such as a misspelled name, 
p. 134, the editing of the context material, the statement of the 
problems with the hypotheses, the importance given significant 
results (260 numbered equations), the listing of nearly 400 
references, half of which are in foreign languages, and the general 
tenor of the book, all invoke our high esteem for the courage of 
the author in so ably accomplishing the purpose in presenting 
this difficult subject. 


Mechanical Vibrations 


MecuanicaL Visrations. By J. P. Den Hartog. McGraw 
Hill Book Co., Inc., New York, 1934. Cloth, 5°/, X 8'/; in., 
390 pp., 282 figs., $5. 


TorsIoNaL Vipration. By W. A. Tuplin, M.Sc. John Wiley & 
Sons, Inc., New York, N. Y., 1934. Cloth, 5'!/: X 8'/¢ in., 
320 pp., 89 figs., $5.50. 


REVIEWED By C. R. SopERBERG? 


HE literature dealing with the problem of vibrations in 

engineering has grown rapidly in recent years and a new 
contribution to the field can no longer claim the unique position 
it might have found a few years ago. 

Professor Den Hartog’s book is apparently written with a 
definite object of creating a textbook for a specific course on the 
subject. This object has somewhat limited the scope of the 
book but it has also furnished the incentive for an unusually 
clear and lucid presentation, free from obscure mathematical 
complexity. 

As pointed out by the author in the preface, much of the sub- 
ject material of this book was collected in connection with lectures 
presented to the Design School of the Westinghouse Company 
in East Pittsburgh, Pa. This has given the subject material a 
relevance to practical engineering problems which is not often 
found in textbooks of this type. 

Chapter 1 deals with certain kinematic and mathematical 
preliminaries. In chapter 2 a discussion of problems of one 
degree of freedom is presented. This presentation includes 
many useful examples of mechanical systems and practical 
applications to vibration problems in engineering. A section 
of particular interest is the one on “vibration isolation.”” Chapter 
3 continues with a discussion of problems with two degrees of 
freedom and again the application to the problem of vibration 
absorption forms an important part of the subject matter. 
Chapter 4 covers problems with many degrees of freedom and 
problems of vibrations of continuous bodies. Chapter 5 is 
devoted to problems encountered in reciprocating machinery. 
Chapter 6 gives a discussion of problems peculiar to rotating 
machinery. It covers the more common problems, such as 
balancing of rigid rotors and critical speeds in rotors. It also 
includes many special problems of outstanding interest such as 
the vibrations in frames of electric machines, vibrations in pro- 
peller blades, vibrations in turbine blades, and similar subjects. 
Chapter 7 is devoted to the subject of self-excited vibrations. 
This class of vibration phenomena has assumed a very important 
place in practical engineering work during recent years. The 
treatment given in this chapter is more complete than most of 
those available in the engineering literature, and it will be 
warmly welcomed by many engineers who have encountered 
this type of problem in their practical work. The simple and 
direct treatment of this rather complicated problem given in 


3 Manager, Turbine Engineering Dept., Westinghouse Electric & 
Manufacturing Co., South Philadelphia, Pa. Mem. A.S.M.E. 


this chapter represents one of the outstanding features of the 
book. The last chapter is devoted to the problem of non-linear 
vibrations. 

The book illustrates an admirable style of engineering litera- 
ture and it deserves to be ranked among tke valuable contribu- 
tions within its field. 

Mr. Tuplin’s book also belongs to a field in which the litera- 
ture has received many valuable contributions in recent years. 
However, this book cannot honestly be referred to in the super- 
lative terms which are natural in the case of Professor Den Hartog’s 
book. The subject is well covered, but the organization of the 
material and its presentation do not evoke the same praise. The 
book is free from the more obstruse mathematics so difficult to 
avoid in this subject, but in many instances the ingenuity of 
treatment required to compensate for this omission is lacking. 

Chapter 1 covers the usual kinematical and dynamical pre- 
liminaries. Chapter 2 is headed “Equivalent Dynamical Sys- 
tems’ and describes the process by which actual systems with 
their more complicated details are reduced to abstract systems 
ready for the mathematical treatment. In this chapter the 
author has brought together a considerable amount of practical 
information which will be welcomed by designers working in 
this field. Chapters 3 and 4 present this mathematical treatment 
for two- and three-mass systems. Chapter 5 is inserted at this 
point to present the problem of the solution of high-order alge- 
braic equations. In chapters 6, 7, and 8 the treatment is ex- 
tended to problems of multi-mass systems where trial-and-error 
methods of computation are required. Certain aspects of the 
treatment in these three chapters, particularly those cases found 
under the heading “Special Cases of Multi-Mass Systems” are 
certain to be welcomed as clearing up many points which are 
not usually clear to the average designer. Chapter 9 discusses 
the subject of harmonic analysis, while chapter 10 covers the 
determination of vibration amplitudes and torques, without 
damping, for systems treated in previous chapters from the point 
of view of natural frequencies. Chapter il covers the subject of 
frequencies of impressed torques occurring in the usual combina- 
tions of reciprocating machinery. Chapter 12 presents a dis- 
cussion of the problem of vibration amplitudes and torques at 
resonance under the influence of damping, while chapter 13 
presents a discussion of vibration dampers and vibration ab- 
sorbers. In chapter 14 a discussion is given of the problems 
introduced by torque fluctuations in geared systems. Chapter 15 
presents a specialized treatment for cases involving vibrations of 
continuous bodies. Chapter 16 is devoted to a discussion of 
couplings. Chapter 17 presents a discussion of impact problems 
in torsion systems. This is a subject treated very briefly in 
earlier literature and embraces many problems of real impor- 
tance. It is to be regretted that the author did not find it possible 
to enlarge further on this important subject. Chapter 18 is a 
brief discussion of the torsiograph and the general problem of 
measurement of torsional vibrations. 

It is difficult to avoid a comparison of the book under review 
with some of the earlier contributions in this field which, more or 
less justifiably, may be referred to as classics. “Die Berechnung 
der Drehschwingungen” by Heinrich Holzer, published in 1921, 
which incidentally was not included in the bibliography of Mr. 
Tuplin’s book, is perhaps the most important of these classics. 
The reviewer has been able to find very little material of funda- 
mental significance in the present contribution which cannot be 
found in the book by Holzer. In many instances, the question 
may be raised whether Holzer’s treatment is not to be preferred. 
It has been found difficult, for example, to improve upon the 
method for trial-and-error numerical computations given by 
Holzer. The method presented in the book under review does 
not appear to qualify as an exception to this rule. 
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It would be unfair, on the other hand, to present Mr. Tuplin’s 
book as entirely devoid of merit. The above criticism concerns 
chiefly the formal aspect of the arrangement of the material, 
which is after all to a large extent a matter of personal taste. 
The English literature on this subject is somewhat meager, and 
the book assumes a more important place in existing literature if 
books in German are excluded. The reader will find practically 
all of the relevant material collected in English for the first time 
in one treatise. It will serve as an excellent practical guide to the 
subject. With this purpose in mind, the book is well worthy of 
recommendation. 


General Solution for Rectangular 
Plates 


Eine Lésung fiir die Berechnung der biegsamen rechteckigen 
Platten. (A General Solution for Rectangular Plates.) By 
8. Iguchi. Hokkaido Imperial University, Sapporo, Japan. 
Julius Springer, Berlin, 1933. Paper, 61/2 X 91/2: in., 56 pp., 
3 charts, 13 figs., 5 rm. 


REVIEWED By A. Napat* 


‘THs recent contribution to literature on the bending theory of 
flat elastic plates deals with the case of a rectangular plate of a 
non-isotropic material. Investigations with regard to such plates 
by engineers are rather recent, although a few previous attempts 
have been made to find similar solutions for bodies having certain 
types of crystal symmetry by physicists (by Voldemar Voigt and 
by others). Probably the first papers devoted to the bending 
theory of a non-isotropic rectangular plate are those by M. T. Hu- 
ber (1923), who introduced for the elastic constants a certain 
symmetry condition which he calls “orthotropy.” This leads 
to the assumption that the bending rigidity of the rectangular 
plate is different in the two directions parallel to the sides of the 
rectangle. The case has some interest because of the bending of 
reinforced-concrete slabs when the steel bars are inserted parallel 
to both sides of the rectangle. The particular solutions used by 
Iguchi for the rectangle do not completely satisfy the partial 
differential equation of the anisotropic plate (this is a linear equa- 
tion of the fourth order with constant coefficients); however, they 
are constructed so that the boundary conditions on all four sides 
of the rectangle can be satisfied exactly in at least nine different 
cases, among which are contained the practically important cases 
of straight-line support without constraint and fixed (built-in) 
edges. Mixed cases of boundary conditions also are included. 
The terms contain a product of a function of x with a function of 
y. Each function contains an algebraic portion consisting of 
four power terms Cy) + + + and asine term C,sin nz. 
The coefficients are first adjusted to satisfy the boundary con- 
ditions and the remaining undetermined constants are chosen 
so that the double sum in which they appear expresses the dis- 
tribution of the given load p = f(z,y) in its totality. Iguchi 
can thus solve practically all important cases of loading and of 
boundary conditions, including also those of an isotropic rectangu- 
lar plate. 
The detail work of determining the constants in the double 
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series seems considerable, although Iguchi has worked out a few 
cases, such as those of the rectangular plate with the conditions 


(w = deflection) w = 0 and dy = 0 along an edge x = const. 


and also the case of a plate with clamped edges, and he is able to 
reduce the double sums by adding up one portion of the double 
sums into a simple series. An example of a rectangular plate on 
elastic foundation is also worked out. The idea of combining a 
few power terms in z or y with simple sine terms seems attrac- 
tive, as it enables Iguchi to use one and the same general form of 
a certain double series in practically all cases of boundary condi- 
tions. Also partially loaded plates are treated. Tables and a 
few graphs are given. 


Hydromechanics 


HypromecHANIK—Volume 2. By W. Kaufmann. Julius 
Springer, Berlin, 1934. Cloth, 6 X 9in., 293 pp., 210 figs., 18 
rm. 


REVIEWED By J. P. Den Hartoa® 


"THE first volume of this work appeared some three years ago 

and dealt with the theoretical basis of hydro- and aero- 
dynamics in the usual manner. The second volume is much 
more useful and interesting, as it gives a review of practically all 
applications that have been made of the theory so far, and at the 
same time is understandable in itself, without reference to the 
first volume. The topics dealt with include ship resistance, 
ground-water flow, and lubrication, as well as the more usual 
applications of hydro- and aerodynamics, so that necessarily the 
treatment is not exhaustive. However, the important elements 
of each of these subjects are discussed fully, and a large number of 
quotations from the literature are given which makes the book 
very valuable as a reference. 

Volume 2 is divided into nine chapters, of which the first deals 
with weir and nozzle coefficients. For most of these a theoretical 
calculation is given by means of Helmholtz’ two-dimensional 
free-jet method. In this manner the streamline picture as 
well as some of the coefficients can be found. The second chapter 
is on pipe flow, including the latest results on rough pipes, and the 
new theories of Prandtl and von Kaérmdan on the turbulent velocity 
distribution. A rather complete discussion is given on the flow 
and pressure losses in pipe bends, elbows, and sudden expansions. 
Also the surges in pipe lines and penstocks are treated. The 
third chapter is on open channels, especially on St. Venant’s 
theory of the distinction between “torrents” and “rivers” with 
the related phenomena of hydraulic jump. In the next chapter 
wave motion and the phenomenon of tides are discussed briefly, 
while the fifth chapter takes up viscous flow and bearing lubrica- 
tion. The following chapter is the largest in the book, and 
deals with the usual applications of such a treatise as lift and drag 
of airplanes, including biplanes, airfoil theory and conformal 
mapping, propellers, fans, and hydraulic turbines. Chapter 8 
gives the elements of ship resistance in a few pages, while the 
concluding chapter, written by O. Flachsbart, contains a dis- 
cussion of wind pressure on buildings with as much experimental 
data as is available at the present time. 


5 Assistant Professor of Applied Mechanics, Harvard University, 
Cambridge, Mass. 


— = 
cae 


Distributed Gravity and Temperature Load- 
ing in ‘Two-Dimensional Elasticity Replaced 
by Boundary Pressures and Dislocations 


By M. A. BIOT,! CAMBRIDGE, MASS. 


This paper deals with two-dimensional stresses due to an 
important class of body forces. Gravity stresses and tem- 
perature stresses are produced by body forces of the type 
investigated. 

In the case of gravity stresses it is proved that these 
stresses may be calculated by forgetting about the action 
of gravity on the body and applying instead only external 
normal loads that are identical with a hydrostatic pres- 
sure. 

This opens the possibility of applying photoelastic tests 
to the measurement of gravity stresses; a model loaded by 
these external pressures would show an _ isochromatic 
fringe pattern identical with the one that would appear in 
a model submitted to an intense gravity field. In Fig. 5 


GENERAL THEORY 


HE EQUATIONS of equilibrium of a rectangular element 
in two-dimensional elasticity with body forces are 
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the equations of equilibrium become 
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1 Instructor in Applied Mechanics, Graduate School of Engineer- 
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Engineer, 1930, and Sc.D. in physics and mathematics, 1931. From 
1931 to 1933 he was research fellow of the C.R.B. Educational 
Foundation at the California Institute of Technology under Prof. 
Th. von Karman and at the University of Michigan under Prof. 8S. 
Timoshenko. In 1932 he received a Ph.D. from the California 
Institute of Technology. During 1933-1934, as a research associate 
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A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until August 10, 1935, for publication at a later date. 

Norge: Statements and opinions advanced in papers are to be under- 
stood as individual expressions of their authors, and not those of 
the Society, 
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is shown the type of external loading to be applied to find 
the gravity stresses in a dam. 

In the case of two-dimensional temperature stress in 
cylindrical bodies where the temperature distribution is 
stationary, it is shown that a distinction is to be made be- 
tween solid and hollow cylinders. Fora solid cylinder the 
only thermal stress component appearing is an axial stress 
acting perpendicularly to cross-sectional planes. Incther 
words, the solid cylinder expands freely along the cross- 
sectional planes. For a hollow cylinder a general stress 
condition may arise which is identical with the stresses 
produced by cutting a longitudinal slit of a certain small 
width in the cylinder wall and sticking together the two 
sides of the slit (dislocation). 


They are satisfied by introducing a “‘stress function” ¢ 


% 
o,—V= | 
| 
= 
ox dy 


By using Hooke’s law for either plane stress or plane strain 
distribution and the compatibility equation of the strain com- 
ponents, we find an equation of the type? 
5 


_ 
dyt 

In case the function V satisfies the Laplace equation (potential 

function) 
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or? dy? 
Equation [5] reduces to 
04g 
— —— @..... (7] 
ox! Ox? Oy? oy* 


In this case the stress function ¢ satisfies the same equation as 
if there were no body forces. How will the boundary conditions 
be expressed? 

Let 1, m be the cosines of the normal direction to the boundary 
with the z and y directions and X, Y the components of the 
force applied per unit length at the boundary. We have 


X = le, + mr,, 
Y= mo, + 


? Equation [5] is derived in “Theory of Elasticity,’ by S. Timo- 
shenko, McGraw-Hill, 1934, pp. 25-26. 
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If the body forces are derived from a function V such that 2 
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or from Equations [4] 


= 
dy? 
ox dy 


Hence the problem of finding the stresses produced by the body 
force loading X, Y just considered and the boundary loading 
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X Y reduces to the solution of Equation [7] with the boundary 
conditions [8]. This is equivalent to finding a stress distri- 


bution 
) 
= dy? 
re} 
Ta = | 


produced in the same body free from body forces but submitted 
to boundary forces X — lV and Y — mV. This boundary load 
is the actual load (X, Y) plus a normal hydrostatic pressure 
equal to V. 

Apparently, according to Equations [4], the actual stress in 
the body is the difference of the stresses o’,, o’,, r’,,, and the hy- 
drostatic-pressure distribution represented by the potential V. 

However, a very important distinction is to be made; the 
statement is true only for body forces such that no singularity of the 
potential V occurs within the body or in any holes if the latter is 
hollow. 

This distinction arises from the fact that the displacements 
and rotations of the medium, corresponding to the hydrostatic- 
stress condition p = V might not be single-valued, i.e., they 
might not take the same value when we come back to the same 
point after following a closed path around a singularity of the 
function V. In order to get single-valued displacements and 
rotations, we must superpose to the hydrostatic-stress condition 
a so-called ‘“dislocation’”’-stress distribution. The meaning of a 
dislocation is illustrated by the following example. Take a 
hollow circular cylinder and cut it open by a longitudinal slit 
of small width (Fig. 8). We shall produce stresses in this 
cylinder by sticking together the two sides of the slit. This 
type of deformation is called a dislocation. The stress condition 
thus generated is not derived from the application of external 
forces. In our case, for instance, if the body is of hollow shape, 
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let us cut it open so as to connect the inside with the outside. 
If we now assume that a stress equal to a hydrostatic pressure 
p = V is distributed in the body, the two edges of the cut may 
or may not stick together (Fig. 1). If they do separate, we 
produce dislocation stressé by sticking them together again. 
As we shall see, the amount of dislocation is determined by two 
displacements u, v, of one face of the slit with respect to the 
other and by relative rotation. It can be easily calculated from 
the value of the potential V. 

Let us call e the two-dimensional linear extension of the body 
produced by the hydrostatic-stress distribution p = V. We 
have 


The corresponding displacements of the material satisfy the 
equations: 


ou ) 
Ox 
ov | 
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ov 
Ox oy | 
ov re) | 
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where w is the rotation. 
We deduce: 
ou ) 
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| 
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From these equations we see that ¢ and w are conjugate harmonic 
functions so that 


Z(z) =e + tw 


is an analytic function of z = x + yt. The increase of rotation 


on a closed circuit is 
de de 
w—w = —— dr + —ady.......... [13] 
oy ox 


It is a quantity proportional to the flux of the body force through 
this closed path. 
The displacement is given by 


[14] 


so that the increase in displacement on a closed circuit is given 
by the contour integral 
Zaz 


This proves that the two edges of the slit show a relative dis- 
placement only when the function Z or, what amounts to the 
same thing, the potential V has a singularity inside the contour. 
Yet if the singularity is such that the flux of body force produced 
by it is zero and if Zdz = 0 no dislocation stress has to be 
introduced. 
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DISTRIBUTED GRAVITY LOADING 


One of the most important cases of potential field body force 
is the case of the gravity field acting upon a body of uniform 
density. 


Bopy Resting UNDER Its Own WEIGHT 


Let us consider a two-dimensional elastic body B (Fig. 2) 
resting under its own weight on a plane surface S. Taking the 
vertical y axis as positive and calling 6 the specific weight of the 
material, the body force is expressed as X = 0, and Y = —4, 
and the corresponding potential is V = dy. This potential 
presents no singularity whatever, hence no dislocation stress 
will have to be considered. 

The stress condition o’,, o’,,7’,, of the above theory is produced 
by considering a hydrostatic boundary loading due to a pressure 


Fig. 2 


3 


p = V = dy. This loading may be applied by turning the body 
upside down, free from gravity, into a liquid of specific mass 6 
which is under the action of gravity (Fig. 3). The hydrostatic 
pressure p = dy pushes it upward against the surface S with 
the same force as would its own weight in Fig. 2 and the contact 
pressures will be approximately realized. Due to this hydro- 
static boundary loading a stress distribution o’,, 
produced in the body B. Since no dislocation stresses have 
to be introduced, the value of the actual stress o,, oy, Tz, due to 
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distributed gravity loading in Fig. 2 is the difference of the 
stress o’,, 0’,, r’,,, and a pressure p = yd. Hence 

= o's + ys 

= ay+ yi 
= 


Try 


GRAVITY STREss IN A Dam 


Another example as shown in Fig. 4 is given by the case of a 
dam which is stressed under its own weight, the specific mass 
of which is 6. 


The stress distribution o’,, 7’, , 7’,, is produced in a dam having 
no gravity and immersed upside down in a liquid of specific 
mass 6 which is under the action of gravity, Fig. 5. This liquid 
exerts upon the dam hydrostatic boundary pressure as indicated 
in this figure. The actual stress ¢,, ¢,, r,, in the dam resting 
under its own weight as in Fig. 4, is given by the difference of 
the stresses o’,, o’,, r’,, and a pressure distribution p = dy. 
Therefore 
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a, = o’, + by 
o, = o', + dy 


PHOTOELASTIC MEASUREMENT OF GRAVITY STRESSES 


The present theory shows that gravity stresses may be mea- 
sured by photoelasticity by applying the proper boundary load- 
ing. The fringe pattern and the value of the maximum shear 
will be the same as if a magnified gravity were acting on the model. 


Bopy Houses 


An interesting property is introduced by considering a body, 
with a hole, under the action of gravity. This equivalence 
of hydrostatic boundary loading applies provided we fill the 


can 

L 


Fig. 6 


hole with the weighing liquid and establish a connection between 
the liquid inside of the hole and the liquid outside such that both 
are in hydrostatic equilibrium (Fig. 6). 

A theorem developed by J. H. Michell* shows that for a hollow 
two-dimensional body the stresses depend on the elasticity con- 
stants if the forces applied to the hole have a resultant different 
from zero. In this case the forces applied to the boundary of 
the hole have a resultant equal to the weight of the fluid inside. 
From this we conclude the following theorem: 

In a solid two-dimensional homogeneous body the stresses due 
to gravity do not depend on the elasticity constants of the material; 
they do, however, in general for a body with holes. 

It is important to keep this in mind when investigating gravity 
stresses by photoelasticity or with gelatine models. 


TWO-DIMENSIONAL TEMPERATURE STRESSES RESULT- 
ING FROM STEADY HEAT FLOW 

We consider a two-dimensional temperature distribution in 
an arbitrary cylindrical body; the temperature is supposed to 
be the same along any straight line parallel with the boundary. 
We also assume that the temperature has reached a state of 
equilibrium, i.e., the temperature may be different from point 
to point but remains constant at a given point and has any given 
arbitrary distribution along.the boundary of the cross-section S 
(Fig. 7). As we know, in such a case tue temperature @ in a 
cross-sectional plane (x, y) must satisfy the potential equation, 


dy? 

3 ‘*Theory of Elasticity,”” by 8S. Timoshenko, McGraw-Hill, 1934, 
pp. 113-117. 
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Let 


where k is the coefficient of linear thermal expansion in three 
dimensions. It is known that this problem of two-dimensional 
strain is the same as that of the deformation of the same body 
under the body forces 


% ow), 


= | 
1—2» OT 
[17] 
1—2» ody dy | 
and a normal boundary tension 
2G(1 
[18] 


1 — 2» 


where G is the modulus of elasticity by shear, and » is the Poisson 
ratio. 

Since we have a steady-state heat problem, we have, according 
to Equations [15], [16], and [18] 


Ox? oy? 


We are thus exactly in the general case considered by the previous 
theory. The theory is easily applied to this case; we shall state 
oaly the conclusions.‘ 
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We have to distinguish between the case where the cylinder 
is (1) solid or (2) hollow. 

(1) Ifa solid cylinder is heated, either uniformly or not, but 
in such a way that a steady-state temperature distribution exists 
the same in every cross-section, the only stress produced is a 
tension or compression o, acting normally to the cross-section 
and equal to ¢, = —Ee = —Eké, where E is the Young modulus 
of the cylinder, k its coefficient of thermal expansion, and @ the 


4 It is expected that the complete analysis of this case by an inde- 
pendent method will be published later in the Philosophical Magazine: 
‘“‘A General Property of Two-Dimensional Thermal Stress Distri- 
bution,”’ by M. A. Biot. See also, ‘Propriété generale des tensions 
thermiques en régime stationnaire dans les corps cylindriques,” 
by M. A. Biot, Annales de la Sociéte Scientifique de Bruxelles, vol. 
54, series B, 1934. 
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temperature. We may say that the cylinder expands freely in 
the plane of its cross-section. This value o, = —EKe of the 
longitudinal stress is due to the assumption that longitudinal 
extension is prevented. 

(2) If the cylinder is hollow, we make a longitudinal slit 
so as to connect the interior with the outside. When heated 
the two edges will in general separate. The cylinder becomes 
then a simply connected body without holes and we fall back 
on the previous case. In this slitted cylinder the temperature 
distribution will only produce axial stresses o,. But if we stick 
the sides of the slit together again, dislocation stresses o’,, o’,, 7’ 
will appear. 


zy 
Hence ia a hollow cylinder stationary temperature 


Fig. 8 Fic. 9 

distribution will generally give rise both to an axial stress o, and 
a dislocation stress system o’,, o',, r’,,. They are the thermal 
stresses. In order that there should be no relative motion of 
the edges of the slitted cylinders, hence no stress except a,, the 
temperature distribution must satisfy three conditions, one of 
them being that the total flow of heat out of the hole is zero. 
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These conditions are automatically satisfied if the temperature 
distribution has no singularity inside the hole (no source or 
sink or source-sink doublet). 


PHOTOELASTIC THERMAL-STRESS ANALYSIS 


Thermal stresses may be measured by photoelasticity. A 
transient thermal-stress condition is equivalent to a boundary 
load and a dislocation. As previously shown, a steady-state 
thermal-stress condition is equivalent to a dislocation only and 
appears only in a hollow body. We shall have to calculate the 
amount of dislocation or relative motion of the two edges of a’ 
slit connecting the inside with the outside, make a model having 
that gap, and stick the two edges of this gap together. 


Hotitow WitH No Heat Source INsIpE 


In steady-state temperature distribution stresses other than 
o: may exist if the cylinder is heated from the outside. Those 
stresses disappear, however, if we fill the cylinder with a liquid 
having the same thermal conductivity as the cylinder because 
then all the singularities of the temperature distribution inside 
the hole disappear. 


CrrcuLaR CYLINDER 


For a radial heat flow we get concentric circular isothermal 
lines. A radial slit opens like that indicated in Fiz. 8; no stress 
appears in the slitted cylinder. The thermal stresses in the non- 
slitted cylinder are those produced when bringing together the 
two edges of the slit. This amounts to the bending of a ring. 
For a doublet heat singularity (source and sink at the center) 
the isothermal lines are circles (Fig. 9). A radial slit as in the 
figure does not open up; the edges slide along each other. 

Any heat-source singularity of an order higher than a doublet 
does not produce any heat stress in the cylinder. 
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On the Hydrodynamic Analogy of Torsion 


By J. P. DEN HARTOG,' CAMBRIDGE, MASS., anv J. G. McGIVERN,? PULLMAN, WASH. 


The authors herein describe a means for carrying out 
experimentally Kelvin’s hydrodynamic analogy. A real 
liquid is used instead of the ‘‘ideal fluid’’ required by the 
analogy, the eddying flow caused thereby which violates 
the mathematical identity between the two cases being 
eliminated by taking photographs of the real liquid before 
eddying flow begins. The apparatus makes it possible to 
obtain photographs representing stress lines in shafts and 
also pictures of warped cross-sections. 


HE first rational theory of torsion of prismatical bars, 

given by St. Venant in 1855, solved the problem completely 

for a limited number of simple cross-sections. However, 
a general method was lacking for the determination of the stress 
in any given practical section. St. Venant’s solution was dis- 
cussed in the first volume of Thomson and Tait’s famous 
“Treatise of Natural Philosophy,” in 1867, and it was there 
illustrated by a hydrodynamic interpretation, thus making it 
possible to visualize the general form of the solution for any kind 
of bar.* 

In 1903, Prandtl disclosed an analogy employing a stretched 
membrane that was actually realized in experiment by Taylor 
and Griffith in 1916.4 Prandtl’s membrane analogy has since 
become so widely known that at present a large number of uni- 
versities have such equipment available for instruction purposes. 

Keivin’s hydrodynamic analogy is very much older than 
Prandtl’s but we are not aware that it has ever been carried out in 
actual experiment. Undoubtedly the reasons for this are that 
an “ideal fluid’ as required by the analogy cannot be obtained, 
and that any real liquid will show an eddying flow which violates 
the mathematical identity between the two cases. However, 
it is possible to succeed in the experiment if proper precautions 
are taken, and it is our purpose to describe how that may be done. 
Moreover, a slight modification of the experiment will give us a 
picture of the shape of the warped cross-section. 


KELVIN’s ANALOGY 


As Thomson and Tait originally stated, the analogy employs 
a weightless prismatic box filled completely with “ideal fluid.” 
This box must have the same shape as the cross-section of the 


1 Assistant Professor of Applied Mechanics, Harvard Graduate 
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graduated as an electrical engineer from the University of Delft, 
Holland, in 1924 and received the degree of Ph.D. in 1929 from 
the University of Pittsburgh. From 1925 to 1932 he was connected 
with the Westinghouse Research Laboratories, with the exception of 
one year (1930-1931) when he was sent to the University of Gét- 
tingen for special studies. 

2 Instructor in Mechanical Engineering, State College of Washing- 
ton. Mr. McGivern was graduated from Northeastern University 
with the degree of B.M.E. in 1928 and served as an instructor there 
for the three following years. In 1931 he received the degree of 
Ed.M. from Boston University and in 1932 an M.S. from Harvard 
University. 

3 ‘*Theory of Elasticity,’”’ by S. Timoshenko, McGraw-Hill Book 
Co., New York, 1934, p. 263. 

4 Technical Report of the Advisory Committee for Aeronautics, 
London, vol. 3, 1917, p. 310. 
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cepted until August 10, 1935, for publication at a later date. 
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understood as individual expressions of their authors, and not those 
of the Society. 


elastic prism that is to be twisted and must be of unit height. 
If a couple is applied to the box in a plane perpendicular to its 
height, then the shear stress of the twisted solid will be propor- 
tional to, and have the same direction as, the velocity of the ideal 
fluid relative to the containing box. 

Moreover, the couple or torque required to give the box a unit 
angular acceleration is equal to the ‘correction by which the 
torsional rigidity of the elastic prism, calculated by the false ex- 
tension of Coulomb’s law, must be diminished to give the true 
torsional rigidity.”’ 

Thus, if a flat tank having the cross-section of the twisted bar 
is filled with ideal fluid and rotated, a photograph of dust  par- 
ticles on the surface of the fluid, taken by a camera rotating with 
the tank, will show a set of closed curves coinciding with the 
stress lines in torsion. 

It can also be deduced from the torsion equations that a 
photograph taken with the camera at rest and with the tank 
rotating about the “center of twist’’ gives a set of curves which 
are perpendicular to the lines of equal elevation of the warped 
cross-section in torsion.® 

If a purely circular tank is rotated about its center, the ideal 
fluid inside will stand still, if it was initially at rest, because the 
ideal fluid has no friction against the tank walls. Photographed 
by a camera rotating with the tank, a set of concentric circles 
(the stress lines) will appear. A still camera, however, records no 
motion, expressing the well-known fact that a circular cross-section 
does not warp in twist. When the cross-section of the tank is 
not circular but roughly resembles a circle (shaft with keyway 
or square shaft), again the bulk of the fluid will hardly rotate, al- 
though a small part of the fluid near the corners of the edge will 
take part in the motion. Photographed with the rotating cam- 
era, this will give a set of closed curves (the stress lines) which are 
no longer circles but resemble circles at some distance from the 
boundary irregularities. The picture taken with the non-rotat- 
ing camera will show considerable motion of the fluid near the 
protruding irregularities of the boundary but very little motion 
at some distance away. 


DESCRIPTION OF APPARATUS 


Difficulties from eddy formation and other frictional effects, 
which will occur in the non-ideal fluid used in the actual experi- 
ment, were avoided by taking the photograph immediately after 
starting the vessel from rest. It is known that any hydrodynamic 
system starting from rest exhibits a potential motion at the be- 
ginning and it is only after some time that eddies develop as a 
result of the friction in the fluid layers near the boundaries. To 
be sure, the time during which this potential motion occurs is 
very short, so that special precautions have to be taken in making 
the photograph. The apparatus consisted of a heavy horizontal 
disk rotatable on a large conical bearing about a vertical axis. 
The camera, facing downward, was solidly mounted at some 
height above the disk by means of vertical posts attached to the 
disk. The vessel containing water could be either clamped to 
the disk or mounted on it by means of another bearing so that it 
was rotatable with respect to the disk. Small aluminum par- 
ticles were scattered on the water as is usual in hydrodynamic ex- 
periments. The ordinary precautions were taken of mixing india 


5“Theory of Elasticity,” by E. A. H. Love. Fourth edition. 
Cambridge University Press, 1927, p. 400. 
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ink or potassium permanganese with the water in order to make 
the bottom invisible and of waxing the sides of the vessel to in- 
sure a proper meniscus.® 

The vessel was photographed during the first 10 deg of its rota- 
tion, approximately, while a tripper mechanism opened and closed 
the lens of the camera at the right instants. In this manner pic- 
tures could be obtained of the ideal flow before the boundary 
layer had time to upset its pattern. 


Discussion OF RESULTS 


Figs. la and 1b pertain to a square shaft and represent the stress 
conditions and cross-sectional warping, respectively. Fig. la 


Fig. la (ror) Stress Lines oF A SQUARE SHAFT 


Fig. 1b Warpep CRross-SEcTION OF A SQUARE SHAFT 
was taken with a camera rotating with the tank, resulting in a 
picture in which a sharp outline of the tank appears. The lines 
follow the direction of the shear stresses while the lengths of the 
individual streaks are proportional to these stresses. When 
photographing Fig. 1b, the camera was held still while the tank 
was rotated, the resulting picture being one in which a sharp 
outline of the tank does not appear. The lines photographed 
follow the direction of maximum slope of the warped cross-see- 
tion and are perpendicular to the lines of equal height of that 
section. The lengths of the individual streaks are proportional 
to the slope. Since the square is a symmetrical cross-section, 
the center of twist coincides with its center of symmetry. 

Figs. 2a and 2b depict a shaft with a keyway. Fig. 2a, illus- 
trating a sharp keyway, is self-explanatory. Because of the sharp 
edge of the keyway, it is particularly difficult to avoid eddy forma- 
tion. On the right or upstream side of the illustration no trouble 
occurs, but on the left or downstream side of the keyway the be- 
ginning of any eddy can be seen. This, of course, has to be 
discounted in interpreting the picture. 

The non-symmetry of the keyway shaft is not very pro- 
nounced so that its center of twist is not far removed from the 
geometrical center. When photographing Fig. 2b, the tank was 
rotated about its geometrical center with the camera at rest and, 


6 Hydro- and Aeromechanics,’’ by Prandtl-Tietjens, 
McGraw-Hill Book Co., New York, N. Y., 1934, p. 270. 
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therefore, shows an approximation of the lines of maximum slope 
of the cross-section. It is seen that the distortion is limited to the 
neighborhood of the keyway. 

Fig. 3 illustrates the stress lines of an elongated rectangular 
section. 

For sections made up of very thin parts, such as structural 
beams and split tubes, it is necessary to turn the tank through a 
very large angle (30 or 45 deg) in order to obtain sufficient rela- 
tive motion. This, however, sets up a wave motion in the tank 
and makes it very difficult to secure a good picture. However, 
even in such cases the hydrodynamic analogy is very useful as 
it enables us to visualize the shape of the warped cross-section. 

As an example, consider the split thin-walled tube shown in 
Fig. 4a. The center of twist 7 of this section lies at a distance 
R to the left if the wallis very thin. Imagine a tank of this shape 
rotated about 7 through an angle a. It can readily be seen that 
the displacement of any point of the tank walls is very great in 
comparison to the relative motion of the liquid with respect to 
the walls. The absolute motion of the liquid is non-rotational, 


Fic. 2a (rop) Stress Lines or a SHarr a Keyway 


Fic. 25 Warpep Cross-SEcTIoNn or A SHAFT WITH A 
KEYWay 


Fic. 3 Stress Lines or A RECTANGULAR SHAFT 


and since the line bb in Fig. 4a is at rest relative to the tank, bb 
turns through an angle a with the tank. For non-rotational 
(potential) flow it is then necessary for the perpendicular aa to 
turn through an angle —a, so that the 45-deg dashed cross in 
Fig. 4b? retains its direction in space. With a wall-thickness ¢, 


7 “Fundamentals of Hydro- and Aeromechanics,” by Prandtl- 
Tietjens, McGraw-Hill Book Co., New York, N. Y., 1934, p. 154. 
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this leads to a relative displacement of the liquid at the walls of 
at, The displacement of that point of the tank wall is ar, so 
that the ratio of the relative to the tank displacements is t/r, 
which is negligible for thin walls. 

Thus, the warped cross-section picture is practically the same 
as that of the tank motion alone, or in other words, the water may 
be considered frozen. The lines of maximum slope of the warped 
shape of a thin-walled section are circles about the center of twist, 
and the lines of equal elevation are radii through the center of twist, 


a 


a 


Fic. 4a (ABOVE) Spuit Tuse Wits Its CENTER or Twist T 


Fig. 4b (BELOW) THE DasHep Cross Retains Its DirEcTION IN 
Space WHEN THE PERPENDICULAR aa IN Fic. 4a TuRNS THROUGH 
AN ANGLE HavinG a VALUE OF —a 
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Fie. 5 Distortep Cross-SECTION OF THE TUBE OF Fia. 4a Des- 
VELOPED ON THE CIRCUMFERENCE 


provided we consider only regions which are many wall thick- 
nesses away from the center of twist. 

For the split tube in particular it can be verified that the tank 
velocity at the slit is three times greater than at a point 180 deg 
away from the slit, so that the slope of the warped section is also 
three times as great. From the fact that the velocity is propor- 
tional to the slope, the shape of the warped section can easily be 
found to be 


h=@0—x+2sin0 


where h is the elevation and @ the angular distance from the slit. 
Fig. 5 shows this shape developed on the circumference, the 
points A, B, C, and D corresponding to those in Fig. 4a. This 
result so easily obtained shows the value of the warping analogy, 
because from casual observation of split tubes one is inclined to 
believe that Fig. 5 should have the shape of an inclined straight 
line, and the warped section that of a helix. In reality, however, 
the slope of the warped surface 180 deg from the slit is opposite 
in sign to what it would be in the case of a helix. 
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Pitting Due to Rolling Contact 


By STEWART WAY,! EAST PITTSBURGH, PA. 


Pitting, as the term is used in this paper, means a form 
of failure which occurs on gear teeth near the pitch circle, 
on rollers, in anti-friction bearings, and on other machine 
parts where cylindrical surfaces come in rolling contact 
under heavy loads. The purpose of the investigation de- 
scribed in this paper is to study the manner in which pits 
develop, to discover the reason for their development, and 
to find what conditions must be fulfilled to prevent their 
eccurrence. 

A testing machine was used in which steel rollers ap- 
proximately 1.5 in. in diameter, rolling together and loaded 
as shown in Fig. 2, could be tested. More than eighty 
tests have been made with rollers of different materials, 
with different lubricants, and with various loads. 

Pits are found to have a definitely characteristic shape 
and orientation with respect to the direction of rolling. 
They were observed to develop from minute cracks in the 
roller surfaces which appear after about 500,000 revolu- 
tions. Photographs were taken tracing the growth of 
these pitting cracks from their earliest observed stage. 
The cracks from the very beginning have a characteristic 
shape and orientation. 

The principal findings in the tests on the steel rollers 
were: (1) That a lubricant must be present if pitting is to 
take place; (2) that if the lubricant is of a viscosity above 
a certain critical value which depends on the load, pitting 
can be prevented; (3) that the nature of the surface 


HEN two cylindrical metallic surfaces engage in roll- 
ing contact, a form of failure known as “pitting” often 


occurs. This mode of failure is particularly trouble- 
some on gear teeth in the vicinity of the pitch circle, where the 
teeth roll on each other without sliding. To give a clear idea 
as to what is meant by “pitting,” a photograph, Fig. 1, of pits 
produced in the laboratory on steel rollers is shown. 

Several features will be noted in Fig. 1: (a) The pit is bounded 
roughly by two straight lines and a curved line, and may be said 
to be fan-shaped; (6) at the vertex, there is a nipple-shaped 
extension to the cavity; (c) the pit is symmetrical about a 
line AB parallel to the direction of rolling; (d) the bottom of the 
pit is characterized by a series of curved steps, indicating a pro- 
gressive fracture. Though it is not apparent in the figure, the 
direction of rolling, by which is meant the direction of motion of 


! Research laboratories, Westinghouse Electric & Manufacturing 
Gompany. Mr. Way was graduated from Stanford University, 
Department of Mathematics, in 1929. He was employed six months 
as exchange work-student in the A.S.W. Grosskraftwerk in Béhlen bei 
Leipzig, Germany, and attended Gittingen University the summer 
semester of 1930. He was associated then with the Douglas Aircraft 
Company engineering department in Santa Monica, Calif., for one 
year and from there went to the University of Michigan for graduate 
study, receiving a doctor’s degree in engineering mechanics in 
February, 1934. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., December 3 to 7, 1934, of 
Tue AMERICAN SocteTy OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until August 10, 1935, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


finish on the rollers greatly influences the tendency to pit, 
pitting being prevented on a highly polished surface and 
accelerated om a rough-machined surface; (4) that 
nitrided rollers will not pit under conditions that would 
result in severe pitting of quenched and tempered mild 
carbon-steel rollers, also that pits are smaller on harder 
surfaces, in general. 

In the theoretical section of the paper, the load-carrying 
capacity for the oil film between two roilers having a com- 
mon peripheral velocity is calculated, and it is shown that 
the critical viscosity necessary to prevent pitting is far 
below that necessary to prevent metal-to-metal contact, 
a fact also checked experimentally. The normal and tan- 
gential oil forces on the rollers after metal-to-metal con- 
tact are also calculated, and the tangential component is 
found to be small compared with the normal component. 
Calculation showed that no tensile stress would exist at 
the surface, where pitting cracks appear to start, due to 
contact pressure or oil forces. However, it is found by 
analysis that a small crack in the surface, if filled with oil, 
will tend to grow, provided it has a certain initial direction. 
This direction is the same as that of the cracks which pre- 
cede pitting. This strongly suggests that oil penetration 
of very small surface cracks with a certain initial direction 
is the reason for the growth of these cracks until a particle 
is separated from the main body of material, leaving a pit. 
The experimental results harmonize, also, with this theory. 


the contact area, is from A toward B. All pits that have been 
observed exhibit, with minor deviations, the four features just 
mentioned, and also have the previously mentioned orientation 
with respect to the direction of rolling. 

In spite of the economic importance of preventing pitting, 


Fie. 1 Typicau Pits, OrtentatTion INpicaTep By Lins AB 


practically nothing has been done to discover the fundamental 
cause of this type of failure. Several theories have been pro- 
posed, however. The one most commonly advanced is that a 
fatigue crack begins as a result of repetition of the contact 
stresses, and that it probably begins near the region of maximum 
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shearing stress a short distance below the surface.?_ Lanchester* 
suggests that pitting is due to the welding of material of one 
body to that of the other in a small region, which results in a 
particle’s being torn away. Still another theory, obviously in- 
complete, is that pitting is due to initial inaccuracies in machining, 
leading to stress concentration at high spots and destruction of 
the surface at those places. To evaluate these several theories, 
to arrive at a better theory of the cause of pitting, and, if pos- 


Shock loads are minimized by spring suspension for the weights 
on the lever arms. 

The main variables which can be controlled and studied with 
the present equipment are material, lubricant, and load. Speed 
may also be varied by changing gears or pulleys. The material 
variable must be understood to include not only all manner of 
metals and alloys, but also various treatments of these materials 
and various types of surface finish. In this paper the results of 
tests on three materials are 
discussed. The composition 
and properties of these ma- 
terials are given in Table 1. 

Steels Nos. 1 and 2 are of 
the same composition but have 


METHOD OF 
APPLYING LOAD 
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different treatments. Except 
where otherwise noted, all 
tests were made with rollers 
having a ground-surface 


finish. 
iCoH About 80 pairs of rollers 
have been tested so far. Space 
“x does not permit a description 


Fig. 2.) Schematic D1aGrRamM OF MACHINE FOR TESTING FIvE Patrs oF ROLLERS 


Fic. 3 PHOTOGRAPH OF THE TESTING MACHINE SHOWN IN Fia. 2 


sible, to find a way to prevent such failure, the following experi- 
ments with steel rollers, were carried out. 


Tests oF STEEL ROLLERS 


The testing apparatus is shown schematically in Fig. 2, and 
by photograph, Fig. 3. The rollers have a face width of !/2 in.; 
and the lower one is 1.576 in. in diameter while the upper has a 
diameter of 1.500 in. The difference in diameters insures that 
any point on one roller shall come in contact with a different 
point on the other roller with each revolution. The lower roller 
is driven at 400 rpm from a lineshaft by gears, and it in turn 
drives the upper by traction in the contact area. 

There is good reason to believe that there is no relative sliding 
between the rollers.‘ The lower roller dips into an oil bath, the 
same lubricant being used for the bearings as for the rollers. 


2“Determining Capacity of Helical and Herringbone Gearing,” 
W. P. Schmitter, Machine Design, July, 1934. 

3 “Spur Gear Erosion,’”’ by F. W. Lanchester, Engineering, June 7, 
1921, p. 733. 

4 Dents caused on one roller by an irregularity on the surface of 
the other are spaced a distance equal to the difference in circumfer- 
ences. 


la ee of each test. The outstand- 


ing results are as follows: 
Pitting Will Not Occur With- 


TABLE 1 COMPOSITION AND PROPERTIES OF MATERIALS 
TESTED 


Steel No. 1 Steel No. 2 


(Rolled) (Forged) Steel No. 3 
Carbon, per cent...... 0.40-0.50 0.40-0.50 0.25-0.35 (Al = 
0.90-1.40%) 
Manganese, per cent... 0.50-0.80 0.50-0.80 0.40-0.70 (Mo = 
0.60-1.00%) 
Treatment............ Quenched and 
tempered Quenched 25-hr nitriding treat- 
ment to give 0.018 
in. case 
Tensile strength, lb per 
240,000 
Yield point, lb per sq in. 78,000 eae 
Hardness (VPN)....... 250 


Fig. 4a-d Formation or Pits 
(a Pre-pitting crack and b the - which formed shortly after; c another 


crack, and d the eventual pit.) 
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out Lubricant. In all investigations of the wear and pitting of 
gear teeth that have come to the author’s attention, the tests were 
carried out with lubrication. A. H. Burr,> however, made a large 
number of tests on steel rollers similar to those tested by the 
author, but running without lubricant. In no case was pitting 
obtained. Rollers running dry have also been tested by the 
author, with no pitting resulting. When oil is used to lubricate 
the rollers, pitting sometimes results and sometimes does not, 
depending on the load used, the viscosity of the oil, and other 
factors. One fact, however, was consistently borne out in tests 
by both Mr. Burr and the author, i.e., that pitting could not be 
produced without lubrication, regardless of the load used. The 
duration of these tests was, in most cases, in excess of five million 
cycles, and in one case twelve million and in another eighteen 
million. In 54 tests with lubricated rollers which pitted, pit- 
ting occurred in 50 per cent of the cases between 670,000 and 
1,450,000 cycles, while the longest run was 4,867,000 cycles. 

When steel rollers were run without lubricant, oxides formed 
on the surfaces. These oxides form very soon after the start of 
the test, and flake off. The composition of the oxide flakes was 
found to be 1.1 per cent Fe, 44.6 per cent FeO, and 54.2 per cent 

One pair of rollers was run without lubricant for 5,400,000 
cycles. Oil was then added. At 5,560,000 cycles several pits 
had formed. 

Pits Develop From Cracks That Start at the Surface. It was 
concluded at an early stage that the most satisfactory way to 
find the cause of pitting was to study pits while they were being 
formed. It was discovered, first, that a pit does not result from 
the gradual enlargement of a small cavity, but results from the 
growth of a crack which eventually separates a particle from the 
main body of material. In Fig. 4, a and 6 are the top view of a 
pre-pitting crack and the pit which formed shortly after. In c 
and d another crack and its eventual pit are shown. It will be 


5 Formerly at Westinghouse research laboratories, East Pittsburgh, 
and now at Rice Institute, Houston, Texas. 


noted that there is as 
definite a characteristic 
shape and orientation 
for the cracks as for 
the pits. 

In Fig. 4 e, f, g, A, 
and 7 areshown various 
stages in the growth of 
a particular crack, at 
13 X magnification. 
When first observed, 
cracks usually appear 
as in Fig. 4e. The 
shape is that of a V 
with the point toward 
the contact region as 
the crack approaches 
this area. 

The cracks have also 
been studied by cutting 
the rollers perpendicu- 
larly to the axis. A 
crack in the stage of 
development of 4e, or 
perhaps slightly earlier, 
is shown in section at 
a in Fig. 5, at 100 < 
magnification. A crack 
a little further along is 
shown in top view and 
in vertical section in 
Figs. 5b and 5c. The 
top view was photo- 
graphed after the sec- 
tional cut had been 
made. 
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Fic. 5 ENLARGEMENTS OF PITTING 
CRACKS 


{a, Section cut perpendicularly to the axis 

showing crack (X 100); top view of a crack 

(X13); c¢, section through the roller and 
erack shown in 6 (X13).] 


Fie. 4 e-i Various Staces IN THE GROWTH OF A CRACK (X13) 
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The cracks show every evidence of having started at the sur- 
face. No cracks bearing any resemblance to pre-pitting cracks 
could be observed or. rollers not yet tested. These cracks were 
found to start usually between 500,000 and 1,500,000 cycles. In 
most cases less than 100,000 cycles were required from the time 
a crack first appeared to the time when a pit was formed. The 
cracks extend into the roller at an acute angle to the direction 
of motion of the contact region along the surface. 

M. Ulrich® says that in case-hardened gear teeth, cracks were 
observed starting beneath the surface. The author questions 
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Fig. 6 Loap-Viscosiry RELATION IN PirtinG Tests 


(0.40 per cent carbon steel rollers of 250 VPN hardness; speed 400 rpm; 
*speed 700 rpm.) 


whether these cracks are related to the cracks which precede 
pitting. 

Pitting Can Be Prevented by Using Oil of Sufficiently High 
Viscosity. It would seem reasonable to believe that if an oil of 
viscosity sufficiently high to prevent metal-to-metal contact of 
the rollers were used, no pitting would result. The interesting 
fact is, however, that even with metal-to-metal contact, pitting 
can be prevented by increasing the viscosity of the oil above a 
certain critical value. This critical value will depend on the 
load carried by the rollers. In Fig. 6, points are plotted for a 
number of pitting tests in a viscosity-load coordinate system. 
The load is measured by P/R, the pounds per inch of roller face 
width per inch of radius, and the viscosity is measured by the 
logarithm of the Saybolt viscosity at the operating temperature. 
Points indicated by dots represent tests where pitting took place, 
while points indicated by small circles represent tests where no 
pitting took place. All tests represented in this figure were made 
with steel No. 1. A curve ab of indefinite shape and position 
can be drawn so that the no-pitting points lie above it and the 
pitting points lie below it. Additional tests would more defi- 
nitely determine the position of this curve. The location of the 
curve would be expected to depend on the speed of rotation and 
on the properties of the material. 

To settle the question of whether or not the oil film is broken, 
in tests with an oil of viscosity high enough to prevent pitting, 
the upper roller was insulated from the lower except for the 
contact region. An electromotive force was introduced between 
upper and lower rollers. Running at no-load, no measurable 
current was conducted across the oil film, but as soon as the test 
load was applied, the film was broken and considerable current 
passed from one roller to the other. Tha, the oil film is broken 
at much lower loads than necessary to cause pitting is shown 
theoretically in a later portion of this paper. 

Hard and Smooth Surfaces Better Resist Pitting. In five 


6 “Zur Frage der Griibchenbildung bei Zahnriidern,”’ M. Ulrich, Zeit. 
V.D.I., 1934, vol. 28, no. 2. 


tests with steel No. 1; a mineral oil of viscosity 87 sec Saybolt at 
210 F and 900 sec at 100 F; and a load P/R = 3330 |b per sq in., 
the average number of cycles that elapsed until pitting was first 
observed was 1,555,000. In three tests with steel No. 2, the 
same oil, and the same load, the average number of cycles until 
pitting began was 1,416,000. It seems that the number of cycles 
necessary for pitting is practically independent of the hardness. 
However, an extremely hard surface, as that on the nitrided 
rollers of steel No. 3, was found not pitted at all after 6,000,000 
cycles. In the test made with nitrided rollers, the load was 2670 
lb per sq in. and the oil was the same as that already mentioned. 
Referring to Fig. 6, at P/R = 2670 the viscosity necessary to 
prevent pitting would have to be about 2000 see Siybolt for steel 
No. 1. The oil used had a viscosity at the operating temperature 
of about 700 sec. Both steel No. 1 and steel No. 2 were found to 
pit badly with oils even heavier and a load of 2670 lb per sq in. 

In the case of steel No. 2, although pitting began as soon as it 
did on rollers of steel No. 1, the pits were much smaller. The 
average diameter of the ten largest pits on a roller of steel No. 1 
was 0.070 in., while that of the ten largest pits on a roller of 
steel No. 2 was only 0.036 in. 

The degree of roughness of the surface is another factor that 
influences pitting. The rollers of steel No. 1 in the five tests 
previously mentioned had ground finishes. Two tests were made 
similar to these five except that the surfaces were polished. In 
one case, a test made by Mr. Burr, the rollers ran 12,600,000 
cycles without pitting, and in the other case pitting began after 
4,267,000 cycles. It is believed that the polish on the latter 
rollers was not as fine as on the former. But the point that 
should be emphasized is that polishing decidedly reduces the 
likelihood of pitting. In three tests with rough-machined sur- 
faces, pitting began on an average at 430,000 cycles. 

Significance of Experimental Results. A satisfactory explana- 
tion of pitting must take account of the part played by the lubri- 
cant. It must explain also why lubricants of a sufficiently high 
viscosity prevent pitting, even though they do not prevent metal- 
to-metal contact. It must account for the effects of surface 
roughness. Finally, it must explain why pits and the cracks 
which precede them have a certain characteristic shape and 
orientation. 

The theory that pitting comes as a result of repetitions of the 
Hertzian system of contact stresses, discussed later, fails to ex- 
plain why pitting does not take place without oil and why an 
extremely high polish on the surface will greatly retard or even 
prevent such failure. The theory that there is a welding together 
of the rollers in a small region, resulting in the tearing away of a 
particle, does not seem to be substantiated by observations of the 
pitting cracks. 

It was found that the pits tend to form in planes perpendicular 
to the roller axis. This implies that the rollers do not have a 
truly cylindrical surface, and that the diameter is slightly larger 
in some planes than in others, resulting in higher loads in those 
planes. 

A distinction must be made between the primary cause of the 
pitting cracks shown in Fig. 4 and the cause of their growth. 
Two results of importance should be mentioned in this connection. 
First, in the test of the rollers which were run dry for 5,400,000 
cycles, and then lubricated, pitting occurred in the remarkably 
short span of 160,000 additional cycles. This implies that, al- 
though oil is necessary for pitting, some form of destruction 
leading to the formation of pitting cracks takes place inde- 
pendently of the oil. Secondly, a test was made in the usual 
manner with oil until several pits and ten pitting cracks had 
formed. The rollers were then cleaned and dried. On con- 
tinuation of the test without oil none of the cracks developed into 
a pit. This indicates that oil is necessary for crack growth. 
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The theory was advanced that steel particles, torn from the 
roller surfaces, would adhere to the rollers because of the oil, 
and would be carried into the contact region, causing high tensile 
stresses at the surface and possibly starting cracks. But it was 
found that oil was not essential to bring particles into the contact 
region; dry rollers were seen to be dented by particles, as were 
those tested with lubricant. Also, the fact pointed out in the 
last paragraph, that oil is probably not responsible for the be- 
ginning of the destructive process, leads to the conclusion that 
though particles may play an important part in this stage of the 
process, the oil is not a necessary aid in their action. 

In support of the assumption that particles are a powerful 
contributing factor in the initial formation of pitting cracks 
stands the result of a test with polished rollers and oil filled 
with steel particles. In this test pitting began at 537,000 cycles. 
Also in tests in which felt wipers or a compressed-air jet were used 
in an effort to remove all steel particles, pitting was decidedly 
retarded. In opposition to the particle-action theory are numer- 
ous observations of pitting cracks at a very early stage, though 
perhaps not early enough, which showed no signs that a particle 
had been responsible for their origin. Also, the introduction of 
steel particles, MgO powder, or rouge powder into the oil 
did not materially accelerate pitting on rollers with ground sur- 
faces. 

Before going further into the discussion of the cause of pitting, 
some conclusions arrived at theoretically will be reviewed. 


THEORETICAL CONSIDERATIONS? 


Two problems present themselves, one to determine the load- 
ing on the rollers and the other to find the stresses caused by 
this loading. The loading consists of the forces due to metallic 
contact and the forces applied by the oil. 

If the oil were not present, it would probably be justifiable to 
assume that the loading would be an elliptical distribution of con- 
tact pressure over a narrow rectangular contact area, in ac- 
cordance with the Hertz theory of the contact of elastic bodies. 
If the cylinders are lubricated with oil, but are not in contact, the 
oil pressure can be calculated in the oil film in the same manner 
that the pressure in oil films in bearings is calculated. If the 
cylinders are in contact and also are lubricated with oil, the 
problem becomes extremely difficult unless the assumption is 
made that the deformation of the surface in front of the contact 
area is that due to contact pressures alone. The oil pressure at 
any point in front of the contact area can then be calculated. 
Also the tangential oil forces can be found. Within the contact 
area the loading will be the elliptically distributed contact 
pressure. 

In calculating the oil forces, the amount of oil that passes 
between the rollers must be considered. This quantity will de- 
pend on the height of irregularities on the roller surfaces. For 
the pitting-test rollers with ground surfaces, the irregularities 
were found to have a maximum height of about 24 =0.0002 in.* 

When loads are given, the problem of finding the stresses in the 
rollers at any particular point presents little analytical difficulty. 
The contact stress system has to be superimposed on the stress 
system due to the oil forces. 

Without going into the calculations, the results of the theo- 
retical study of loads and stresses will now be briefly reviewed. 

A study of the contact stresses for parallel elastic cylinders as 
determined by the Hertz theory and further calculations by 
Belajef* show definitely that there is no tensile stress near the 

7 A more detailed theoretical treatment is given in the appendixes. 

* A gelatine cast was made of the surface of the roller and examined 
in section under high magnification. The technique of such observa- 
- is described by W. Norman Thomas, Engineering, October 12, 

* Institute of Ways and Communications, Leningrad, U.S.S.R. 


region of contact. Analysis of the oil forces before the rollers are 
in contact shows that at loads high enough to produce contact the 
oil pressure is so low, for usual viscosities and speeds, that the 
effect of pressure upon viscosity can be neglected. Equation [18], 
Appendix 2, arrived at for the load-carrying capacity of the 
oil film, indicates that in the pitting tests the oil film is 
broken at loads very much lower than those necessary for pitting. 
Investigation of oil forces after the rollers are in contact shows 
that as long as the influence of pressure on viscosity can be 
neglected the oil tangential traction will be quite small compared 
with the normal oil pressure. Normal oil pressures are found to 
be quite small compared with contact pressures that exist in the 
pitting tests, which tends to justify the assumption that the 
shape of the roller surfaces in front of the contact area is deter- 
mined mainly by the contact forces. The tensile stresses at the 
surface due to the tangential oil forces are found to be quite small 
compared with the compressive stresses due to normal oil pres- 
sure, so that the net effect of the oil forces is to produce only 
compressive stresses. 

Neglecting the stresses due to tangential oil forces, the resultant 
stress at any point will consist of the stress due to the distributed 
oil pressure as shown at pz, Fig. 13, and the distributed contact 
pressure p;. Referring to Fig. 14, the stress due to these loads 
at a point, A, a short distance below the surface and in front of 
the contact area can be calculated. The stress at a point, B, at 
the surface but closer to the contact area than A can also be calcu- 
lated. A plane passing through A and B will then make an 
acute angle with the roller surfaces. If this acute angle falls in a 
certain range, it can be shown that the normal stress on plane 
AB at A is less than at B. If the angle 6, Fig. 14, is negative, 
it can be shown that the normal stress on plane AB is greater at 
A than at B, for A sufficiently close to the surface. This has a 
certain significance. For if we imagine that a very small crack 
exists, extending along the plane BA, and if BA isso oriented that 
the normal stress at A is less than at B, oil penetration of that 
crack would cause a high tensile stress at A. The oil that pene- 
trates the crack will be under a pressure equal to the value of 
P2 at B, which is also the value of the compressive stress on plane 
AB at B. The entrance of the oil into the crack would raise the 
pressure on the walls of the crack from some value less than the 
value of p, at B to this value. The stress system resulting from 
these added forces on the walls of the crack would give a con- 
centrated tensile stress at the end of the crack. Thus, if a fine 
crack exists at the surface, inclined at an acute angle to the surface 
in the direction of rolling, and if the oil is of a viscosity sufficiently 
low to permit it to enter the crack, it is probable that the crack 
will grow. 

Since we find that contact pressure and oil forces do not pro- 
duce any tensile stress when the tangential oil forces are small 
compared with the normal oil forces, it would seem very improb- 
able that repetitions of these loads could result in a fatigue crack. 


GENERAL CONCLUSIONS 


The two questions regarding pitting that puzzle the engineer 
are: What causes pitting? and How can pitting be prevented? 

Although the author is not prepared to say definitely what 
causes pitting, he has arrived at some conclusions which can 
guide future investigation. Explanations of pitting advanced in 
the past are shown by the test results to be unsatisfactory or 
incomplete. The development of pitting cracks from a minute 
crack at the surface to a pit has repeatedly been carefully traced. 
The reason for the growth of these cracks, no matter how small 
they are to start with, seems to be adequately explained by the 
theory of oi] penetration for the following reasons: 


(1) The theory requires that oil be present for pitting. 


i 
oe 
4 
4 
$d 
2 
ia 
3 


A-54 


(2) The theory requires that the oil be of viscosity low enough 
to permit penetration of fine cracks, if the cracks are to grow. 

(3) The theory shows that cracks will grow only if they have 
a certain initial direction. This direction is the same as that of 
pitting cracks observed at a very early stage, as shown in Fig. 5. 

(4) The theory explains why the critical viscosity for pitting 
does not increase appreciably with the load at high loads; 
for the oil pressure p, is practically independent of the total load 
carried, once there is metal-to-metal contact. 2 will depend on 
the load only as 6 is reduced by increasing the load. 

(5) The theory is consistent with the finding that the rougher 
the surface finish the greater the likelihood of pitting. It is nat- 
ural to expect more and larger cracks initially in the surface of a 
rough-machined roller than in that of a polished roller. 

Possible methods of preventing pitting found so far are as 
follows: (1) Using no oil; (2) using highly polished surfaces; 
(3) increasing the viscosity of the oil; (4) using a very hard sur- 
face and tough interior as are obtained by nitriding. 

The first method is obviously not practical and the second is 
quite expensive. The third method in many cases can be suc- 
cessfully applied. The fourth method deserves much further 
study. 

Future investigation should be mainly along two lines, one 
aiming definitely to determine the primary cause of pitting cracks 
starting (as distinguished from the cause of their growth) at the 
surface, and the other aiming to find materials and heat treat- 
ments which show superior resistance to the formation and growth 
of pitting cracks. The effects of different grain sizes deserve 
special attention. 
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Appendix 1 
Contact STRESSES 


The Hertz'® theory is based on the assumptions that the con- 
tacting bodies are perfectly elastic, that there are no shearing 
stresses in the contact area, and that the radii of curvature are 
large in comparison with the dimensions of the area of contact. 
The results of this theory are well verified by experiment! if 
reasonable precautions are taken to fulfil the assumptions, but 
if the assumptions are not fulfilled, as is the case if there is a large 
tangential stress between the bodies, the results of the Hertz 
theory may be considerably in error.!? 


10 *‘Miscellaneous Papers,’’ by H. Hertz, 1896, p. 146. ‘Theory 
of Elasticity,” by S. Timoshenko, McGraw-Hill Co., 1934, p. 344. 

11 A. Lafay, Ann. Chim. Phys., vol. 23 (7), 1901; R. Striebeck, 
Zeit. V.D.I., 1901, vol. 45, pp. 73, 118, and 1421; Schwinning, 
Ibid., 1901, vol. 45, p. 332; F. Auerbach, Handbuch d. Ph. u. Tech. 
Mechanik, vol. IV-1, p. 271; Thomas and Hoersch, Univ. of IIl. 
Eng. Exp. Station Bull. No. 212. 

12 Hans Fromm, Zeit. f. Tech. Physik, 1928, pp. 229-311. 
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For cylinders of radii R, and R2, the Hertz theory gives the 
following expressions for width of contact area and load distribu- 
tion 


The maximum shearing stress occurs at the point y = 0, z = 
0.7866, axes being located as shown in Fig. 7. The magnitude of 


Parax 


z 
Fia. 7 


the maximum shearing stress is 0.300 pmax. The general ex- 
pressions of Hertz for the stresses have been evaluated for this 
case by Belajef,? who finds the principal stresses are given by 


sinh @ 
= max ~a@ sj ees 4 
Pues 6 sin? B+sinh?a (4] 


where a@ and 8 are elliptical coordinates which specify the position 


pTMAX 5300 Prax T =.10 


sinGsinhx 
Puax esin A 
=beosha CYLINDERS IN CONTACT ~ 
y CURVES OF CONSTANT MAX. SHEAR 
z=bsinh&sin 
(BELA JEF) 
vz 


Fig. 8a Curves oF CONSTANT PRINCIPAL SHEARING STRESS 


of any point in the body. We see that o; and o are always com- 
pressive stresses, since a and 8 are positive. Belajef gives for 
the principal shearing stress at any point 


e-@ sin B sinha 
sin? + sin h? 


Curves of constant principal shearing stress based on Equation [5] 
are plotted in Fig. 8a. In Fig. 8b the photoelastic picture of 
bakelite cylinders in contact shows good confirmation, qualita- 
tively, of the theory. 

For the rollers used in the pitting tests we have the following 
data: 
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ig 
0.75 


= 2.603 
0.788 


E = 30 X 108 (lb per sq in.) 
= 0.3 


= 0.965 X 1078 


The width of contact area, maximum compressive stress, 
depth of the point of maximum shearing stress, and magnitude 
of the maximum shearing stress are found to be, respectively 


2b = 3.44 X 10-4 VP (in.) 
Pmax = 3695 VP (Ib per sq in.) 
0.786b = 1.352 X 10-* VP (in.) 
V2 max = 1110 VP (Ib per sq in.) 


where P is the load per inch of roller-face width. Values of these 
quantities for a number of loads are given in Table 2. 


TABLE 2 
Load 500 1000 1500 2000 2500 
P/Re.... 677 1333 2000 2670 3330 
7) ae 0.0077 0.0109 0.0133 0.0154 0.0172 
ae 82,600 116,800 143,100 165,300 184,700 
0.786b........ 0.0030 0.0043 0.0052 0.0060 0.0068 
ema 24,800 35,100 43,000 49,600 55,500 


= 0.75 in. 


Fic. 8b PuxHorTrortastic Test oF CYLINDERS IN CONTACT 


(Compare shape of constant-shear curve with Fig. 8a.) 


Appendix 2 


Ou. Forces Berore Contact 


The rollers are assumed to be cylindrical and separated a dis- 
tance 25 as shown in Fig. 9. The y-axis is chosen mid-way be- 
tween the rollers. Neglecting inertia forces and considering 
only the region where the distance between the rollers is small 
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compared with the roller radii, the equation of equilibrium in the 
y-direction takes the form'* 


dy dz? 


where p is the pressure, v the y-component of velocity and \ the 


viscosity. If the velocity is —a at the bounding surfaces z = 2, 
z = —2, Equation [6] gives, after integration 
1 ld 
Ra 
26 
S49 
Fic. 9 


The total quantity of oil passing between the rollers per unit 


time is 
— 


and if we substitute Equation [7], integrate, and rearrange the 
terms, we obtain 


1 dp — bat 21 + 22 
ont 
dy 2 


If we assume for ¢ and \ the expressions 


= oR’ R 2 R, 


where \» is the viscosity at zero pressure and y is a constant to 
be determined experimentally, Equation [8] may be integrated, 
with the result 


1 » 
tan p Vy = fly’, [12] 
Vy 
in which 
No’ = dow/R; 8’ = 8/R; y’ = y/V RS; B = Q/2ad 


y’, ) 
f(y’,8 4 ey 


The condition that p = 0 when y = = has been used. To de- 
termine 8, it is assumed that on the out-flow side p and dp/dy be- 
come zero together, or that p is zero when the velocity is uniform 
and equal to —a. Equations [9] and [12] then give the value 


13 See ‘‘Mechanical Properties of Fluids,” Blackie & Son, Ltd., 
London, p. 115. 
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1.225 for 8, and we find that dp/dy is zero at y’ = +0.671. 
When y’ = —0.671 p is zero, and when y’ = 0.671 p is maximum, 
Pmax is given by 
1 


The total load carried by the oil film is 


Assuming that yp?max is small compared with unity we shall 
have, instead of Equations [12], [14], and [15] for 8 = 1.225 


Pmax = [17] 
r 
{18} 


To show the distribution of oil pressure, p has been plotted 
against y’ in Fig. 10. 
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Fic. 10 Pressure VARIATION IN O1L Fitm Bretween 


SEPARATED BY A DISTANCE 25; ) 


Since 26 is the average thickness of the oil film when y = 0, 
the condition for the rollers to come into contact is that 26 shall 
equal the height of the surface irregularities. As previously 
mentioned, the irregularities on the surfaces of the pitting-test 
rollers had a height 26 = 0.0002 in., so that 6’ = 0.000133. The 
maximum oil pressures have been computed for this value of 5’ 
and for various values of \o’, by Equations [14] and [17], with 
the results as given in Table 3. 


TABLE 3 VALUES OF p,,,, IN LB PER £&Q IN. 


’o, dynes 20 50 100 200 400 
101 254 509 1030 2150 
Pmex Ea. [17].........-- 101 254 509 1015 2030 


In Equation [14] the value 0.285 X em?/dyne was taken!"4 
for \/y. Values for \o’ correspond to the range of viscosities of 
the oils used in the pitting tests and the mean angular velocity of 
42 radians per sec. We see that pmax by Equation [17] is only 
slightly less than pmax by Equation [14], indicating that the 
influence of pressure on viscosity can usually be neglected. From 


_ 14 Viscosity pressure tables for several mineral oils are given by 
J. H. Hyde, Proc. Royal Society of London, 1920, 97A, p. 240. 
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Equation [18], if \o’ = 400 and 4’ = 0.000133, P/R = 53.5 lb 
per sq in. We conclude that the load-carrying capacity of the 
oil film will in general be much less than the loads applied to the 
rollers in the pitting tests. 


Appendix 3 


Ow Forces Arrer Contact 


When the rollers are in contact there will be a flattened area 
of width 2b, as shown in Fig. 11. We shall assume that the 


26 
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deformation of the surface is that due tothe contact pressure alone. 
This leads to the conclusion that the contact pressure distribution 
is elliptical, in accordance with Hertz’s law, Equation [2]. The 
contact pressure will be denoted by p; and the oil pressure by 
p2, Shown in Fig. 13, and the y and z axes will be located as shown 
in Fig. 11. 

The radii of the roller surfaces for small values of y will be re- 
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Fig. 12 NorMat AND TANGENTIAL O1L Forces ror 5’ = 0.00029 
(Rollers in contact.) 


duced because of elastic deformation by the p; forces to Ru, Ra. 
Equation [12] for the pressure distribution holds true for the case 
at hand when 1/R is replaced by 1/Re, where = +( + 4 
Ro Ra 

In this case we make £ unity, since the discharge Q is 2aé. 
In addition to the normal oil pressure p:, we can say something 
about the tangential oil traction r,. Since the shearing stress in 


dv 
the oil is ¥ Zz we have, for z = z,, by Equation [7] 


Using the relations 


y’ = y/V/ Rod 
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and also Equation [9], the tangential oil traction becomes, for 
B=1 


For small values of yp*, the pressure- and tangential-stress 
distributions due to the oil are given by 


y’ y’/2 
= 
(1 + 14% 
2 2 
(‘a0 y = 5) [21] 
y” 
Bo! 2 
[22] 
(: + 3 


From these expressions curves have been plotted in Fig. 12, 
for unit and for 6’ = 0.00029;'° and 7, have maximum 
values at different points 


— (p2) [23] 
8v/2 
Tamax = (72) y= V2 = [24] 


Stresses Due to Oil and Contact Forces. Axes are chosen 
in the same position as in the discussion of contact stresses. We 


Py max 


P2 
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use the additional coordinates y’ and z’ to aid in defining the oil 
forces. y’ and z’ are defined by 


VRS Rod 


The loads applied to the roller surfaces are the oil forces given 
by Equations [21] and [22] and the contact pressure 


The stress at some point in the interior may be expressed by 
Yy = Yun + Yu; Z, = Za + Za; Ys = Yun + Yn.... [26] 


where Yyi1, Zn, and Ys are contact stresses and Zn, and 
Ya are stresses due to loads p, and r,, as follows: 


16 A consideration of the elastic deformation of the roller surfaces 
leads to the approximate value 0.46R for Ro. If 5/R is 0.000133, 
then 5/Ro is 0.00029. 
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rJo +2) | 
| 
((y’—v)* +2”)? 
Yeo —2 f — | 
rJo ((y’—v)? +2”) | 
(y’ — v)* | 
wJo ((y’ — v)? + 2”)? 
\ 
Yn = erin + sin asin 
sin h 2a \ 
i— | 
cos h 2a —cos28/) | 
Zn = sin 3 — sin sinh | . [28] 
sin h 2a 
cos h 2a — cos 28 
sin 28 
Ya = Pmax — sin sin 8 
y = beoshacos 8; z=bsinhasin®g...... [29] 


in Equation [27] p2 and 7 are load intensities at the point y’ = v. 

In Equation [4] it is clear that Yy, Zn, and Y cannot give rise to 
any tensile stress. If Yy2, Zn, and Ye are to give rise to a ten- 
sile stress, it is natural to look for that tensile stress at the sur- 
face. At the surface, the contact pressure p; contributes nothing 
to the stress system outside the contact area. The p; forces con- 
tribute the compressive stress —p, in both the y’ and z’ directions, 
and the 7, loading contributes the second integrals in Equation 
[27]. These latter stresses, due to 72 are 


| 
Bro! 2 
(Yyra)s’=0 = 


. [30] 


(Zsrs)s’=0 = 0 
(Yers)s’=0 = 72 


The stress (Yyr2)z’=0 is tension for small values of y’, but with 
increasing y’ changes to compression. For there to be a tensile 
stress at the surface, the tension (Yy7:)s’=0 must be greater at 
some point than p:. The ratio of (Yyr2)s’=0 to ps is greatest at 
y’ = 0 and has the value 8+/25’/x*. Unless +/%’ is greater than 
x*/8+/2, (Yyrs)s’ =o cannot be greater than and there can be no 
tension at the surface. But for ~/%’ to be of the order of x2/8+/2 
is absurd. We conclude that the oil forces p, and 7; together 
cannot produce tension at the surface. 

The stresses will now be calculated at a point under the surface 
and in front of the contact area. Referring to Fig. 12, the tan- 
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gential forces are quite small compared with the normal oil 
forces. In the present calculation, therefore, the stresses due to 
v2 will be neglected. We essume the following numerical data: 


Ro = 0.46R; b/R = 0.00588; 6/Ro = 
E = 30 X 10° lb persqin.; = 0.3 


5’ = 0.0001 


and calculate stresses at the point y’ = 0.8; 2’ = 0.1 
Since 
2 


Ro = Ro = 
= - = — 2’ 


oie 


the coordinates of the selected point are y/b = 1.626; z/b = 
0.0783. 
Evaluating the first integrals in Equation [27], making use of 


=) 
° 
Fig. 14 


Pirrep Test RoLuer 


Fig. 15 


Equation [21], the stresses dve to the oil pressure p, at the 
selected point are 
Yy2 = —0.570 X 10°03; Ze = —0.703 X 
Ya = —0.032 X 10°’) 
The contact stresses in pounds per square inch at the point y = 


1.6266, z = 0.0783b which is the same as a = 1.0705, 8 = 0.0609 
are found from Equation [28] to be 


Yn = —4050; Z. = —9.7; Yn = —278 


Assuming values of 100, 200, and 300 dynes per sq em for 
d’o (0.145 X 107%, 0.290 X 0.485 lb per sq in.) 
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the stresses at y’ = 0.8, z’ = 0.1 due to the p. loading are found 
to be as given in Table 4. 


TABLE 4 STRESSES DUE TO OIL PRESSURE 
(Lb per sq in.) 


Viscosity X w Yy2 Zn Yea 

ro’ = 0.00145 —826 —1020 —46 

do’ = 0.00290 —1650 —2040 —93 
—2480 — 3060 —139 


do’ = 0.00435 


Combination of oil pressure stresses and contact stresses gives 
resultant values as in Table 5. 


TABLE 5 RESULTANT STRESSES 
(Lb per sq in.) 
Viscosity X w Yy Z: Ys 
ro’ = 0.00145 —4870 — 1030 —324 
do’ = 0.00290 —5700 —2050 —371 
do’ = 0.00435 —6530 —3070 —417 


For 6’ = 0.0001 and the above values for \o’ the intensity of 
load p, at several points on the surface between y’ = 0 and y’ = 
0.8 is given in Table 6. 


TABLE 6 p: AT VARIOUS POINTS 
(Lb per sq in.) 


Viscosity X w =0.4 = 0.5 y’ = 06 y’ = 0.7 


do’ = 0.00145 1167 1135 1094 1043 
do’ = 0.00290 2330 227 2190 2090 
do’ = 0.00435 3500 3400 3280 3130 


Let A be the point y’ = 0.8, 2’= 0.1 and let B be a point on the 
surface between y’ = 0 and y’ = 0.8, as shown in Fig. 14. Let 
a plane pass through A and B perpendicular to the y’ = 2’ plane. 
Let 6 be the angle between the z’-axis and plane AB. We shall 
calculate the normal stresses on plane AB at points A and B. 

The normal stress at B is the compressive stress —p,.. The 
normal stress at A is calculated from the values in Table 5 and 
the relation 


N = Y,cos?@ + Z.sin? — 2Y;sin cos 0 


In Table 7 the normal stresses on plane AB at A and B are 
given for various values of @ and for Xo’ equal to 300 dynes per 
sq cm (0.00435 Ib per sq in.). 


TABLE 7 NORMAL STRESSES AT A AND B 


Stress at A Stress at B 
Angle 0 B lb per sq in. lb per sq in. 
tan~!4 uv’ = 0.4 —3070 — 3500 
3 y’ = 0.5 —3160 —3400 
tan~!2 y’ = 0.6 —3430 —3280 
1 y’ = 0.7 —4370 —3130 


In this particular case, if @ is between 66 and 83 deg the normal 
stress at A is less than at B. If other data had been assumed for 
do’, 6’, and b/R it would be possible by taking the point A 
close enough to the surface to again find a range of values of @ 
between 0 and 90 deg for which the normal stress at A would be 
less than that at B. When @ is negative and when A is very close 
to the surface, the normal stress at A will in general be greater 
than at B. 
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Film Lubrication in Sleeve Bearings 


By M. STONE,' PITTSBURGH, PA. 


The author discusses the design of bearings as based on 
fluid friction in hydrodynamic films and investigates the 
limiting design factors in such bearings. He points out 
that the thickness of the oil film is dependent on the vis- 
cosity of the lubricant alone and that this thickness may 
be controlled, thus making it possible to base the design 
of a bearing on a minimum thickness of the oil film. Two 
appendixes conclude the report, one which presents sim- 
plified theoretical considerations for the design of film- 
lubricated bearings while the other explains the highly 
accurate electromagnetic micrometer used for determin- 
ing shaft positions in the bearing. 


N THE early days of rotating shafts, when an iron shaft 
I was rotated in a wooden bearing shell, a reduction in friction 

was obtained by rubbing the surface with suet or smearing 
it with asphalt. Such a bearing, from the point of view of 
modern engineering, is hardly a bearing, the design now being 
approached from the background of fluid friction in hydro- 
dynamic films. Sleeve bearings, designed on this principle, 
vary widely in their efficiencies, the extent of their friction losses 
and length of life depending on the magnitude of the load being 
carried, the speed of rotation, the viscosity and oiliness of the 
lubricant, temperature, running clearance, bearing metals, 
and fineness of machine finish. The problem is to determine the 
proper design of a bearing for a given load and speed require- 
ments. The purpose of this paper, therefore, is to present 
briefly the limiting factors which must be considered in the 
design of a fluid-film bearing and to show how the thickness of 
the oil film, which in the final analysis determines the success 
of the bearing, may be controlled in design. 

A ready means of differentiating between the various types 
of sleeve bearings is given in Fig. 1, in which ZN/P is plotted 
against u, where Z is absolute viscosity in centipoises, N is speed 
of the shaft in rpm, P is the projected-area pressure in lb per 
sq in., and yu is the equivalent coefficient of friction. The 
justification for drawing such a curve goes back to the theory of 
film lubrication which is presented briefly in Appendix 1. As 
seen from the curve, Fig. 1, two, and perhaps three, regions of 
bearing friction are recognized. In the region to the right of 
the point marked “breakdown,” the friction in the bearing is 
entirely made up of fluid friction within the lubricant itself, 


1 United Engineering and Foundry Company, Pittsburgh, Pa. 
Mr. Stone was graduated from the Harvard Engineering School in 
mechanical engineering in 1923, and received the degree M.S. in 
1925. He later, in 1933, obtained the doctor’s degree from the 
University of Pittsburgh for advanced engineering work. The 
years 1924-1925 were spent in work on the A.S.M.E. high-pressure 
steam program at Harvard. From 1925 to 1934, Mr. Stone was as- 
sociated with the Westinghouse Electric & Manufacturing Com- 
pany, first om mechanical research, and later as supervisory design 
engineer on large power apparatus, petroleum equipment, air-con- 
ditioning apparatus, etc. During 1930-1931, he was in Germany and 
England as Lamme Fellow on advanced study and liaison engineering 
work. His present work is on the design of steel-mill machinery, par- 
ticularly large strip mills. 
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A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until August 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


and the friction coefficient is very small, becoming as little as 
0.001, and under, for carefully machined surfaces. The curve 
as shown is for a fixed value of bearing clearance, i.e., a fixed 
ratio of sleeve to shaft diameter. The region referred to already 
may be termed the region of perfect lubrication. To the left of 
the breakdown point, the friction coefficient increases very 
rapidly which, as will be discussed, is due to a combination of 
fluid and metal-to-metal friction. In this region, where » has 
a value of between 0.010 and 0.100, there is an imperfect hydro- 
dynamic film and it is therefore termed the region of partial lubri- 
cation. For values of » between 0.100 and 0.300, a condition 
of practically solid friction exists and we have no bearing in the 
ordinary sense. 

On the basis of Tower’s (1)? investigation of the pressure 
distribution in sleeve bearings, Reynolds (2) developed the 
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Fie. 1 Typicat Curve or Vs. ZN/P 


hydrodynamic theory of film lubrication which has formed the 
basis of modern sleeve-bearing design. In Reynolds’ considera- 
tions, the viscosity at the operating temperature of the bearing 
was the only property of the lubricant involved. Since the 
promulgation of the theory, there has been considerable experi- 
mentation to substantiate or disprove the original contentions, 
confusion resulting when it was found that there is considerable 
difference in bearing losses and temperatures: in two cases of 
exactly similar bearings using two oils of exactly the same vis- 


2? Numbers in parentheses refer to similarly numbered references 
listed at the end of the paper. 
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cosity. As a result, a question was raised as to the limitations 
of the theory, or more exactly, as to the nature of the physical 
conditions within the bearing. It was found, in general, that 
as the speed or viscosity decreased, or as the pressure increased, 
the friction torque decreased for a time, and then suddenly 
increased, being accompanied by bearing wipe. The thought 
occurred that the thickness of the film was influenced by the 
changing conditions, and that some quantitative ideas con- 
cerning the latter would clarify the picture. It was soon appre- 
ciated that as ZN /P decreased, a breakdown point was reached. 
Considerable work has been done of late, principally by the 
McKees (3), to determine the lowest safe value of ZN/P. 

The work of Karelitz (4), as referred to in Appendix 1, resulted 
in a curve relation between hmin and ZN/P which is shown in 
Fig. 3. Thus, from the curves in Fig. 3, we see that as ZN/P 
decreases, both hmin and » decrease down to the breakdown 
point. In these curves, m represents the ratio between the 
mean radial clearance and the journal radius. This forcefully 
presents the argument that as the bearing friction decreases, 
the minimum oil film also decreases until a sudden collapse of 
conditions takes place. 

Satisfactory results have been obtained from tests on bearings 
where 5 is the assigned value of ZN/P. From the upper graph 
in Fig. 3, the value of hmia corresponding to ZN/P is 0.0002 in. 
for a 10-in. diam bearing with a 120-deg bearing arc. For usual 
turbine-bearing practice, a value of 0.0006 in. for hmin is usually 
used, since load and speed conditions do not demand a smaller 
figure. However, for heavy loads and low speeds, considerably 
lower values are necessary if successful bearings are to be made. 
This, of course, emphasizes the necessity for accurate grinding 
of shafts and absence of bearing-sleeve distortion. We come 
then to the ultimate criterion of a satisfactory bearing, i.e., a 
lower limit on minimum oil-film thickness. In this connection, 
reference should be made to G. B. Karelitz’ discussion of oil-ring 
bearings (5). 

The tests herein discussed were made to measure these oil- 
film thicknesses, in order to test the validity and accuracy of 
curves such as shown in the upper graph in Fig. 3. Using an 
oil with a viscosity of 110 8.S.U. (16 centipoises, absolute), tests 
were made at speeds varying from 0 to 900 rpm on a full-size 
power bearing with 90-deg support angle, 9 in. diam, 0.012 in. 
diametral clearance, and a projected-area pressure of 100 lb per 
sq in. A very accurate micrometric electromagnetic measuring 
arrangement, as described in Appendix 2 and illustrated in 
Fig. 4, was employed, which allowed the simultaneous recording 
of the vertical and horizontal instantaneous positions of the 
shaft with respect to the bearing. A typical oscillograph record 
is shown in Fig. 7, where the modulations of the carrier frequency 
are the measures of the shaft position. Tests were conducted 
for a series of speeds, and the results obtained are shown in 
Fig. 8, where the instantaneous positions of the shaft are shown 
plotted within the clearance circle, i.e., a circle of radius 6 within 
which the center is physically confined. If, for the moment, 
we pass over the fact that the shaft executes cyclical motions 
at rpm frequency about a mean position, and plot hmin against 
ZN/P as obtained from both these results and calculations 
based on Karelitz’ work, we get the comparison between test 
results and calculated values as shown in Fig. 9. The agreement 
between the two is indeed good, especially when we realize that 
such effects as side and leakage, variable viscosity within the 
film necessarily are introduced incompletely into an already 
involved calculation. This, then, can be taken as definite sup- 
port for the general correctness of values based on pure calcu- 
lation. Although earlier measurements of oil-film thickness 
were made by Vieweg (6), Wolff (7), and Hummel (8), it is felt 
that the aforementioned tests on full-size bearings of com- 


mercial design, employing recording apparatus of requisite 
accuracy, provide a final touch to this phase of fluid-film bearing 
design. The work of Wolff, particularly, utilizing interfero- 
metric means, must have been seriously interfered with by the 
cyclical motion of the shaft, and probably accounts for its fail- 
ure to confirm the present results. 

The fact that the shaft may not necessarily assume a fixed 
equilibrium position relative to the sleeve was first investigated 
analytically and experimentally by Stodola (9) and Hummel 
(8) in small test bearings, and it was their contention that the 
film provided a definite elastic force field, which could under 
circumstances be made to vibrate violently at resonance. While 
it is not within the scope of this paper to develop this phase of 
shaft behavior, suffice it to say that simultaneous pedestal 
vibration readings were taken by means of a Geiger vibrograph, 
and that whereas a definite critical speed was observed at 700 
rpm, the amplitude of motion of the shaft relative to the bearing 
was still increasing up to 900 rpm and over. Tests were re- 
peated with the machine perfectly balanced and with the rotor 
as badly unbalanced as personal safety would permit, with no 
remarkable change in the film records; the pedestal vibration, 
however, was proportional to the unbalance. All these facts 
point to a much more complex condition than Stodola assumed, 
and might well merit a more thorough investigation. The fact, 
however, that a sustained cyclical motion may take place, 
suggests a mechanism for supplying energy for the vibration 
along the general lines of self-induced phenomena, which 
have been discussed in recent literature. The fact, however, 
that such shaft motions may exist, presents another possible 
limitation on the permissible minimum oil-film thickness. 

As ZN/P decreases, the rate of lubricant shear becomes higher 
and higher, and it might well be that the force necessary to tear 
the oil free from the metal surfaces is reached at a critical shear 
rate, even if perfect shaft and sleeve surfaces were attainable. 
As is generally the case, however, the film thins down to the 
dimensions of the machining irregularities, and actual metal-to- 
metal contact begins to take place in spots, resulting in an 
increase of friction. In this region of lubrication, where true 
film conditions no longer exist, new properties of the lubricant 
begin to assume greater importance, and oiliness, as it is con- 
veniently termed, begins to be a factor. For such bearings, and 
they still inevitably exist, as the water-lubricated metal, wood, 
and fiber types of roll-neck bearings, plane-slide bearings, and 
rocker bearings, there are different contentions as to what are the 
proper and best types of lubricant. For this class of bearings, 
wear is inevitable, while for the fluid-film bearing, bearing life 
should be indefinite, as long as sufficient lubricant is provided, 
and frequent stopping and starting is not necessary. 

In summary, then, it has been demonstrated that it is tenable 
and further that a quantitative basis exists, to base bearing 
design on a minimum oil-film thickness. Further, that for 
carefully constructed bearings a value of 0.0001 in. may well 
form the lower limit for hmin, compatible with fine machining and 
absence of distortion. Finally, that viscosity alone, as con- 
cerns the lubricant, determines the film thicknesses and bear- 
ing losses. 


Appendix 1 


SIMPLIFIED T'HEORETICAL CONSIDERATIONS IN 
. Fitm-Lusricatep BEARINGS 


As a result of Tower’s early experiments, and at the suggestion 
of Lord Rayleigh, Osborne Reynolds developed the modern 
hydrodynamic theory of film lubrication, and established the 
important fundamental fact that real bearing capacity is only 
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developed when a wedge-shaped film can be formed, the wedge 
narrowing in the direction of the sliding surface. 

Modern expositions of journal-bearing theory have been given 
by Howarth (10), Kingsbury (11), and Karelitz (4), but the 
following presentation gives the salient relations in a simple 
general form. Beginning with Reynolds’ simplified fluid-flow 


equations 
d dp dh 
Zl h dp 
h 2 dz (2) 


where h is the film thickness, p is the oil-film pressure, and f is 
the shearing stress in the oil. 
Integrating Equation [1], and calling h = h’ at the point of 
maximum pressure, i.e., at dp/dx = 0 or p = Pmax, We get 
dp h—h’ 
dz hs (3) 
Now for the case of a clearance type of sleeve bearing, such as 
shown in Fig. 2, let 
z= 
e = cd, where 6 = mr(c < 1) 
h = mr(l +c cos and 
hmin = mr(l —c); h’ = mr(1 + cos 6’) 


By substituting these values in Equation [3] 
dp 6ZU 


dée mr 


[4] 


where f(6, 6’, c) is a definite function, the form of which we are 
not concerned with for the time being. 


Fig. 2.) CLEARANCE Typr OF SLEEVE BEARING USED IN THE TESTS 


Integrating Equation [4] 
6ZU 
ws —— F(0, 0’, 1, 5 
P ( {5] 


Now since p = 0 for 6 = 6, and @ = 62, we see that the second 
of the two conditions fixes a relation between @ and c for a given 
bearing are (6;, 62), i.e., Equation [5] may be modified to 


6ZU 
F'(@, 61, 2, c) (6) 
m*r 


Now since the vertical component of the bearing pressure 
must equal the load, W, then, too, the component of W: along 
and perpendicular to the line 6 = 0 must equal the sum of the 
p components along the same directions, i.e. 


W cos ¢ = p cos 6 dé 
\7| 
W sin = psin 6d6 
Integrating by parts: 
{02 d ) 
0 d6 
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Fie. 3 CHARACTERISTIC CuRVES OF FLUID-FILM BEARINGS 


Combining Equations [4] and [8] 


6ZU 
W cos = 62, 


W sin o= g2(A1, c) 


or + 92” = G(A, 62, c) [9] 


Since U = 2xrN and W = 2rP, where P is the projected 
area pressure, we may write 


ZN 
c= («, 62, m, 2x) (10) 


and since hmin = mr(1 — c), then finally 
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Thus for a given bearing design—®6,, 62, m, and r—hAmin and ZN /P 
are definitely related, as worked out numerically by Karelitz. 
The quantitative relations are given in the upper graph in 
Fig. 3, for m = 0.001 and a = 6 — 6, symmetrical with respect 
to the vertical. 

Proceeding further, from Equations [2] and [4], we get di- 
rectly 


Without going too far into all the considerations involved, 
the equivalent force, F, which multiplied by the radius produces 
the frictional torque, may be defined as 


ZU 
F= f = K(@, 62, C) {13] 
m 


and the equivalent coefficient of friction defined asp» = F/W is 
obtained from Equations [9] and [13] to be 


m K(A, 62, c) 

6 G(A, 62, c) 
But since c is a function of ZN/P as seen from Equation [10], 
we may also write 


Q(A, 62, Mm, ZN/P) [14] 


Relations between » and ZN/P have been experimentally de- 
termined and checked analytically by several men, including 
McKee, and are of the general nature of the lower graph in Fig. 3. 


Appendix 2 


ELECTROMAGNETIC MICROMETER FOR 
DETERMINING SHAFT POSITIONS 


The experimental apparatus employed in this investigation is 
extremely accurate, accuracy to less than !/;00,000 in. being readily 
obtained. The apparatus also provided at the same time a 
means of recording the motion of the shaft. The schematic 
arrangement of the apparatus is shown in Fig. 4. Its funda- 
mental principle is illustrated in Figs. 6a and 6b. An oscillo- 
graphic record obtained by its use is shown in Fig. 7. 

Referring to Fig. 6a, it will be seen that the electromagnetic 
micrometer is in reality two coupled variable-reluctance trans- 
formers, indicated by the two flux paths ¢, and ¢2._ The primaries 


-yLaminated Ring 
‘ 
Oifferential 
Screw Ca//- 
brating and ‘Ho- 
Adjusting 
10 V Jement 
500” 
Laminated 
Core 


+ Brass Mounting 
Ring ( Fixed 
to Pedesta/) 


Fic. 4 PRINCIPLE OF THE ELECTROMAGNETIC MICROMETER 


JOURNAL OF APPLIED MECHANICS 


Fig. 5 Set-Up ror DetTeRMINING THICKNESS OF 
THE O1L FILM 
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Fic. 6a Crrcurr DIAGRAM OF ELECTROMAGNETIC MICROMETER 


Vv 


Tag 


Fic. 6b Vector DIAGRAM OF THE ELECTROMAGNETIC MICROMETER 


are connected in series, and the secondaries in series opposed. 
For a central position of the armature (¢,; = t,), E; = E, and so 
E’, — E’; = 0. For a slight movement of the armature, an 
appreciable value of HZ’, — E’, is obtained which is a direct 
measure of the movement. 
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CARRIER FREQUENCY ARE THE MEASURES OF SHAFT PosiTION WiTH ReEspPEcT TO THE BEARING SURFACE 


300 RPM 


To determine the sensitivity of the instruments quantitatively, 
the simple vectorial-cireuit equations can be written 


E’; = TosLos 


or E,— E, = TosZos 
V = + 
Imag, = Ki 
Image = 
Ip = —Tos 
Tp = K2Ez + Los 


By elimination and combination among Equations [15], the 
final expression for the oscillograph current becomes 


K, — 
Tos = 16 
vl + K:)Zn +44+R(Ki+ Kit K 


Now K is the reciprocal of the inductive reactance of the coils. 
For the central position of the armature, K, = K, = Ko and 


for a displaced position of the armature, the increase and de- 
crease in the K’s is the same, i.e. 
K, + ©) \ (17] 
which influences Equation [16] to become wy \ 
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For the instrument as built, there are 150 turns per coil, an 
air gap of 0.050 in., the cross-section of the magnetic circuit is 
1/; in. by 1/2 in. or !/, sq in., the impedance of the oscillograph 
circuit is 1.5 ohms (pure resistance), and the primary coil re- 
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sistance is 0.90 ohm. Thus Ky = 0.176, where the carrier 
frequency was picked equal to 500 cycles, and hence vectorially: 


V = 65+ 70 
R= 09+j0 
Zoe = 15+ 790 
Ko = 0 —j 0.176 
Substituting Equation [19] in the various expressions for 
Imagi, mags, Tp, Jos, etc., we get the vector diagram as shown 
in Fig. 6b, which illustrates the theory of the micrometer. For 
the purpose of rapid calculation, however, a simplified inter- 
pretation of“Equation [19] shows that 
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For a motion of 0.001 in., « = 0.02 since the initial air gap is 
0.050 in., and therefore, for a value of 65 volts for V, Jo. = 0.09 
65 X 0.02 = 0.117 amp. Since oscillograph elements are made 
that require only 0.002 amp per in. of film deflection, this shaft 
motion of 0.001 in. will give a film reading of 0.117/0.002 or 
58 in., which is a magnification of 58,000. However, only a 
magnification of 1000/1 was actually utilized during the tests. 


List oF SYMBOLS 


= absolute viscosity (centipoises) 
N = rpm of shaft 
P = projected area pressure (Ib per sq in.) 
um = equivalent coefficient of friction 
U = rubbing speed (ft per min) 
h = film thickness 
Amin = Minimum oil-film thickness 
hk’ = film thickness at point of maximum pressure 
p = oil-film pressure (lb per sq in.) 
f = shearing stress in oil 
x,@ = general linear and angular coordinates 
61,02 = angles defining bearing arc with respect to location of 
minimum oil-film thickness (radians) 
@ = angle defining position of load with respect to location 
of minimum oil-film thickness (radians) 
r = journal radius (inches) 
6 = radial clearance (inches) 
e = eccentricity of bearing (inches) 
m = ratio = 6/r 
c = ratio = e/5 
V = applied potential (volts) 
E;, E: = back emf in primary windings (volts) 
E’;, E’: = induced voltages in secondary windings (volts) 
I, = primary current (amperes) 
I,, = oscillograph current”* (amperes) 
Tmagi/l mag: = Magnetizing current for the two transformers (amperes) 
= primary resistance (ohms) 
Zos = oscillograph impedance (ohms) 
Ko, Ki, K2 = permittance values (ohms) 
€ = ratio of armature movement, with reference to normal 
air gap 
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Review of Recent Research in 


Thermodynamics 


By JOHN A. GOFF,' URBANA, ILL. 


CTIVITY in steam research still deserves prominence in a 
report of progress in thermodynamics. In the United 
States, Keyes, Smith, and Gerry (1)? present an interest- 

ing formulation of p-v-t data for superheated steam obtained at 
Massachusetts Institute of Technology. In the first place, it is 
noted that extrapolation to the saturation limit appears to give 
reliable values of the saturation volumes. From the formulation, 
three different relations are deduced by application of the general 
equations of thermodynamics: The first gives cp-o, the iso- 
baric specific heat of the limiting zero-pressure or perfect-gas 
state which is a function of temperature only, in terms of h”, the 
enthalpy at saturation; the second gives cp~, in terms of c,; 
the third gives cp -o in terms of yu, the Joule-Thomson coefficient. 
Using the experimental data of Osborne, Stimson, and Fiock for 
h", those of Koch for c,, and those of Davis and Kleinschmidt for 
u, an ensemble of c,-9 values is obtained from which an em- 
pirical equation is deduced by the method of least squares after 
excluding ¢, values of Koch near saturation. The reason for 
excluding these values is that they exhibit a sharply increasing 
trend becoming quite pronounced at high pressures, and, in 
the opinion of the authors, indicate that the Koch c, data near 
saturation are in error. 

Since this report was written, Keyes, Smith, and Gerry (13) 
have revised their formulation, taking account of new low-pres- 
sure data by S. C. Collins obtained with the new calorimeter 
which measures (dh/dp), and (d7T’/dp), in the same apparatus 
and correcting an error of computation of the p'* term in the 
p-v-t formulation previously referred to. Moreover, the indirect 
determination of cp-» as already described has been abandoned 
and values taken directly from measurements of the band spec- 
trum of water vapor have been used instead. The results of these 
changes are better agreement with the Joule-Thomson data of 
Davis and Kleinschmidt and satisfactory accord with the c, 
values of Koch near saturation. 

Smith and Keyes (2) present a formulation of the M.I.T. 
liquid-volume data which also appears to give reliable values of 
saturation volumes by extrapolation. Using experimental data 
of Osborne, Stimson, and Fiock on h’, the enthalpy of saturated 
liquid, values of the isobaric specific heat of the liquid at satura- 
tion are deduced by application of the general thermodynamic 
equations. Osborne, Stimson, and Ginnings (3) present a 
report of progress in calorimetric determinations of the enthalpies 
of saturated liquid and vapor at the United States Bureau of 
Standards. To date, the results for the liquid thoroughly cover 
the range up to 370 C (3050 lb per sq in.); for the vapor, the re- 
sults are not so complete, but include measurements at 325 C 
(1750 Ib per sq in.) and 350 C (2400 lb per sq in.). Osborne, 
Stimson, and Ginnings (14) have, since this report was written, 
communicated additional measurements on the enthalpies of 
saturated liquid and vapor as prepared for presentation at the 
International Steam Tables Conference of 1934. Completion 
of a detailed report has been postponed pending further experi- 
ments near the critical region. A valuable contribution to the 
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knowledge of the pressure-temperature relation at saturation is a 
formula constructed by Osborne and Meyers (4) based on all 
available trustworthy data and covering the whole range from 0 
to 374C. The formula gives what are considered best values not 
only of the pressure-temperature relation itself, but also of the 
pressure-temperature derivative. The authors offer their for- 
mula as suitable for adoption in the International Skeleton Steam 
Table at its next revision. 

In Germany, Jakob and Fritz (5) have extended their measure- 
ments of heat of vaporization r from 310 C (101 kg per sq em) to 
340 C (149 kg per sq em). Koch (6) presents measurements of 
the isobaric specific heat c, of liquid water from 0 to 350 C and 
from saturation to pressures as high as 260 kg per sq cm; each 
isobar on the c, t-plane exhibits the well-known minimum value 
above 0 C and a rapid rise at higher temperatures. 

Of importance especially to the thermodynamics of combustion, 
is a critical study by E. Justi (7) of available high-temperature 
specific-heat data for water vapor and other so-called technical 
gases. The author judges it proper to disregard values obtained 
by the explosion method as being generally too high, also those 
obtained by the sound-velocity method as being generally too 
low; only values obtained by the Lummer-Pringsheim and flow 
methods are considered reliable. These latter are shown to be in 
good agreement with values deduced from spectroscopic measure- 
ments which are therefore used as a basis for the construction of 
Cp =o t-tables extending up to 3000 C. Equilibrium constants and 
their variation with temperature as deduced from the specific- 
heat data are also given for use in calculation of dissociation. 

Under the heading of dynamical properties, may be mentioned 
determinations of the viscosity of superheated steam presented 
by Schiller (8). The flow-velocity at which the discharge co- 
efficient of a suitable nozzle executes an abrupt rise was observed 
for water as a reference medium and for steam. Equating the 
two Reynolds numbers gives a relation from which the viscosity 
of steam in terms of that of water can be calculated. The results 
show a characteristic dependence of viscosity upon pressure as 
well as temperature which appears to admit of reasonable extrapo- 
lation to the critical point. Of importance to the subject of 
heat transfer are measurements by E. Schmidt (9) of the relative 
radiation constants of water and ice forming wetted and frosted 
surfaces. Thin layers of frost appear to emit as much as 98.5 
per cent of black-body radiation, this figure beiry the highest yet 
measured. 

Supersaturation of steam is the subject of a paper by Yellott 
(10). By means of a search tube, the variation of static pressure 
along the axis of a nozzle of rectangular cross-section with one 
glass side plate was measured. Under illumination along the 
nozzle axis, condensation in very small drops—as evidenced by 
the fact that the incident light was scattered rather than re- 
flected and that the scattered light was blue in color—was seen to 
occur suddenly at a point where the static pressure executed an 
abrupt rise. In a written discussion of the paper, Keenan (11) 
presented an interesting analysis of the phenomena involved. 

An experimental investigation of the changes of state occurring 
in the uniflow engine has been reported by Ulsamer (12). Tem- 
perature measurements in the clearance space and at various 
points on the cylinder walls disclose the fact that the main portion 
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of the cylinder steam never crosses the saturation curve but re- 
mains superheated even though the initial superheat is quite 
small. On the basis of this fact, simultaneous measurements of 
temperature and pressure suffice to follow the course of evapora- 
tion and condensation on the cylinder walls. 
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Design Data 


It is important that the data contained in technical lished by the Applied Mechanics Division of The American 
papers be made readily available to designing engineers. Society of Mechanical Engineers. 
In order to satisfy these needs of industry, this section of The data are prepared by a subcommittee of the Applied 
the Journal will include a concise presentation of dataand Mechanics Division on strength of materials (R. E. Peter- 
information drawn chiefly from papers previously pub- son, chairman), under the guidance of S. Timoshenko. 


Factors of Stress Concentration Photoelastically 
Determined’ 


By MAX M. FROCHT,? PITTSBURGH, PA. 


| 4 concentration is a function of the ratio r/d, 
32 r | Fig. 1, and of the stress distribution on both 
wid sides of the discontinuity. The special cases 
= 0 fa = in which the factors of stress concentration 
SEMI- CIRCULAR GROOVES ar can be expressed as a function of r/d only 
CIMCULAR MOLE FILLETS ‘ 
} | Curves I, II, and III, Fig. 1, give k as a fune- 
| tion of r/d, respectively, for circular holes, 
pe semi-circular grooves, and fillets between 
i | | } | | fields of uniform tension or compression.® 
eine | | Pure bending as used here refers to that 
— in which the bending moment is constant 
| | |__| | and the longitudinal stresses are linear on 
| | each side of the discontinuity, Fig. 2. 
| 
|_| | |_| 
() 0.1 0.2 0.3 04 ‘ 0.5 0.6 0.7 0.8 09 Ke) 3Present results are in good agreement with 
Yas those from comparable tests by other investi- 
Fic. 1 INVARIANT CASES IN TENSION OR COMPRESSION gators. 
24 
HE factor of stress concentration is de- as = | | | 
fined as the ratio of the maximum to the | | | | 
minimum stress in the section, or k = 22 t | T T T 
s,,/8, Where | | L 
k = factor of stress concentration 2.0 \ <—_ = | | 
= maximum stress in section ae \ {| } } | | 
8 = average stress in section = P/A SEwI-CRCULAR GROOVES 
P = axial load k 
A = cross-sectional area of minimum sec- 1? 
tion 
16 
Experiments show that the factor of stress 
SEMI-CIRCULAR’ GROOVE S 
L4 
! Special cases from a paper by the author en- FULLETS i > 
titled ‘‘Photoelastic Studies in Stress Concentra- 13 — 
tions,"’ to be presented at the National Meeting, | a a” 
Ann Arbor, Mich., June 18 and 19, 1935, of the te 
Applied Mechanics Division of THz AMERICAN 
Society oF MECHANICAL ENGINEERS. Other non- 
variant cases and related aspects of stress concen- Lo 
trations are included in the paper. a) al 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10 
2 Associate Professor of Mechanics, Carnegie In- Ya 
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Fic.4 Factors or Stress CONCENTRATION FOR GROOVES OF VARY- 
InG Deprus In PurE BENDING 


Curves I and II, Fig. 2, give k as a function of r/d for two basic 
invariant cases—semi-circular grooves and fillets. 

Referring to Fig. 3 a deep groove is one in which h/r is greater 
than unity and a shallow groove one in which h/r is less than 
unity. 

The effect of deep grooves depends on the ratio r/d. For small 
values of r/d such as 0.2 or less there is a pronounced increase 
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Fic. 5 Factors oF Stress CONCENTRATION FOR FILLETS oF VARyY- 
ING Deptus IN TENSION OR COMPRESSION 


Fie. 6 Factors or Stress CONCENTRATION FOR FILLeTs oF VaryY- 
ING DeptTus IN BENDING 


in the value of k as h/r increases. This increase is more notice- 
able in tension than in bending. 

Shallow grooves reduce the factors of stress concentration, k 
approaching unity as h/r approaches zero. The curves in Figs. 
3 and 4 show & as a function of h/r in pure tension and pure 
bending, respectively. 

The curves in Figs. 5 and 6 show k as a function of h/r for 
fillets in pure tension, compression, and bending. 
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Discussion 


Fatigue of Shafts at Fitted Members, 


With a Related Photoelastic 
Analysis’ 


CHARLES S. Barretr.?. The surface-rolling treatment that is 
so effectively used by the authors offers some worth-while prob- 
lems to those interested in the practical applications of X-rays. 
We should like to be able to settle by X-rays whether or not the 
rolling is effective through the action of the internal stresses it 
produces. The fact that the diameter of the specimen is always 
decreased by the rolling seems to me to point to such stresses. 
There could searcely be enough voids in the metal, closed up 
by the rolling, to account for the decrease in diameter; it more 
probably occurs through an increase in length, which would put 
the core of the specimens in tension and the outer fibers in com- 
pression. Perhaps the decrease in density of the outer layer, 
which results from the cold-working process, is an important 
factor in building up these stresses. It has recently been shown 
by Buchholtz and Buehler that compressive stresses in the outer 
fibers can materially increase the endurance limit, and it remains 
only to prove their existence in surface-rolled specimens. While 
X-rays have been used for stress measurement, they are at a 
disadvantage when dealing with cold-worked metal such as this, 
and the problem can better be attacked by the usual mechanical 
methods. 

There is another item in the rolling technique, however, that 
can be studied effectively by X-rays; namely, the depth to which 
the metal is cold worked. There is an X-ray method available 
for measuring this depth simply and directly which I have used 
on one of the authors’ specimens. It involves the principle that 
the Debye rings in a diffraction pattern from a metal are made 
up of spots which lose their sharpness and distinctness when the 
metal is cold worked. The penetration of the cold-worked layer 
may be determined by taking a series of photograms at different 
depths and observing the amount of fuzziness and overlapping of 
the diffraction spots on each photogram. 

This method was applied to one of the authors’ cantilever 
specimens of 0.42 per cent carbon whose surface had been cold 
worked by rollers of 2-in. diam and 1'/,-in. contour radius under 
a radial force of 400 lb. The specimen was studied at a point 
along its length where its diameter was 15/sin. It was mounted 
in a back-reflection X-ray camera in which cobalt radiation 
was used so that the penetration of the X-rays into the specimen 
was negligible. The diffraction pattern of the surface of the 
specimen showed a continuous ring of completely overlapping 
spots. A layer 0.014 in. thick was etched away with 50 per cent 
nitric acid and another photogram prepared of the metal thus 
exposed. The effects of the cold work was less severe at this 
depth. Photograms after etching to depths of 0.035 in., 0.040 
in., 0.044 in., and 0.049 in. showed a steadily decreasing amount 
of cold work, and when a depth of 0.059 in. was reached, the 
photograms consisted of spots as sharp as those from the center 
of the specimen. From the evidence of these photograms we 
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may conclude that to a depth of perhaps 0.030 in. all the grains 
were plastically deformed, that between 0.030 in. and 0.055 in. 
certain grains were deformed and others were not, and that below 
0.055 in., + 0.005 in., there was no plastic deformation. Mr. 
Peterson tells me that if one calculates the stress intensities under 
the rolls by the formula of Thomas and Hoersch, the penetration 
can be estimated, and that for this specimen it is in the neighbor- 
hood of 0.067 in., slightly greater than was found by the X-rays. 


S. Way.? In this paper the subject of increasing fatigue 
strength by surface rolling is introduced. In this connection, 
it is desirable to know approximately the depth of cold worked 
material when a shaft is rolled with rollers of a certain form 
under a certain load. 

If an elastic body has another brought into contact with it, 
the greatest principal shearing stress along a line normal to the 
surface and extending inward from the center of the contact 
area will vary as shown in Fig. 1 of this discussion. The shear 


% 


Fig. 1 Vartation oF Principal SHeartnG Stress ALONG A LINE 
NORMAL TO THE SURFACE OF AN Exastic Bopy WHEN ANOTHER 
Bopy Is Into Contact It 


stress ro occurs at depth z. When a shaft is rolled, a layer of 
material of thickness 5 will have experienced plastic deformation. 
Assume that the stress system under the roller at a depth greater 
than 4 is negligibly different from that which would exist were 
the body perfectly elastic. The depth 6 can then be determined 
as the place where the shear stress is equal to the yield strength, 
ty. The yield strength in shear should be taken equal to one- 
half that in pure tension. This can be demonstrated by the 
energy of distortion theory of strength when two of the principal 
stresses are equal, as is very nearly the case in the problem at 
hand. 

In calculating the depth, z, of the point where the shear stress 
is r, three relations will be of interest. The first is the Bous- 
sinesq formula for the case of a load applied at a point: 


Sr 


For a circular contact area we have 


wa? + 2? a a 


[2] 
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1 
where a is the radius of the circle of contact and — is the average 


of the four principal curvatures of the two bodies. For the gen- 
eral case‘ of an elliptical contact area of major semi-axis, a, and 
minor semi-axis, } 


The semi-axis, a, is given by 


3 
_ 


which, for the case of the circular contact area, reduces to 


3 
_ — 2) 


Using relations expressed in Equations [3] and [4], 7 was 
calculated as a function of z for R = 1 in., P = 1000 lb, uw = 
3/19and E = 30 X 10° lb per sq in., and for various values of k. 
The results are plotted in Fig. 2, showing the effect of the manner 
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Fig. 2 SHEAR StrREss aT VaRIous DeptHs WHEN P = 1000 Ls, 


R = 1, anv K = b/a 


of distribution of the contact pressure on the shearing stress 
beneath the surface. For values of k greater than 0.5 we see 
it is justifiable to assume we have a circular contact area. 

Using relations [2] and [5], 7 was plotted in Fig. 3 as a func- 
tion of z for P = 1000 lb, » = 4/1, E = 30 X 106 lb per sq in. 
and for various values of R. These curves can be used when k is 
greater than 0.5 as well as for the special cae k = 1. The curve 
R = 0 is obtained from the Boussinesq solution, Equation [1]. 
If we have a load P; = 1000 m, the stress 7; = 7¥/ m will exist 
at depth z; = z¥/ m, where + is the stress at depth z with 1000 


4See Thomas and Hoersch, Bulletin 212, Engineering Exp. Sta- 
tion, University of Illinois. 
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lb load. This can easily be verified by inspection of Equations 
[2] and [5]. 

Example. Radius of shaft = 1.5 in.; radius of roller = 
in.; radius of roller in plane of shaft axis = 1.5in.; 7, = 30,000 
Ib per sqin. Required the load on the rollers necessary to cause 
cold working to a depth of 0.2 in. 


R 4\15 '15 102 


1.02 


1.728 
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Fic. 3 SHEAR Stress aT Vartous Deprus WHEN P = 1000 Lp, 
AND k = 1 


Calculation shows that k = 0.55, so we use the curves in 
Fig. 3. In Fig. 3 let a radial line be drawn from the origin to 
the point 7, = 30,000, z; = 0.2. This line would meet the 
curve for R = 1.728 at the point r = 17,400, z = 0.116. 
now determined, for 


m is 


2 30,000 


m = §.12 


The required load is therefore 5120 lb. The Boussinesq rela- 
tion, Equation [1] gives P; = 4730 lb. If a load of 4730 lb. 
were used, the penetration by the relation expressed in Equation 
[2] would be 0.194 in., instead of 0.2 in., so the Boussinesq 
formula is only slightly in error. The range of values over 
which the Boussinesq solution should be applied can be estimated 
from Fig. 3. 

For k less than 0.5 the curves in Fig. 2 should be used. If 
P; = 1000 m, Ri = n X 1 = nthe stress 7) = 7rv/ (m/n?) will 
be at the point z, = z¥/ (mn), where + is the stress at the point 
z with P = 1000 lb and R = 1. 

The condition‘ for k to be greater than 0.5 is that 


(1/Ri’ + 1/R:') 
(1/R, + 1/R2) 
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where R, and R,' are the principal radii of one body and R, and 
R,' principal radii of the other. R; and R, sweep ares in the 
same plane, as do also R,’ and R,’. The radii of the bodies 
should be assigned symbols Ri, Ro, Ri’, Re’ in such a manner 
that the fraction in the expression [6] is greater than unity. 


O. J. Horcer® and J. L. Mautsetscu.* Although engineers 
are accustomed to using stress-concentration factors where fillets 
are involted in designed parts, too little consideration has been 
given to the greatly reduced strength of press-fitted members. 

Kiihnel was only partially quoted in the authors’ Table 2, but 
it is believed that the importance of this problem warrants the 
submission of his further findings. They would appear to have 
considerable bearing on a possible means of improving the 
strength of press-fit assemblies. For this reason the entire 
tests of Kiihnel are quoted in Table 1. 


TABLE 1 FATIGUE-TEST DATA ON THE PRESS-FIT 


PROBLEM 


(Ktihnel-German State Railways) 


TYPE OF SPECIMEN 


LBS. /S@ INENDURANCE 
LIMIT 
LOCATION OF FAILURE 
33000 |~100 | 1.00 
o* 150 
WLM 
2 = 3 34000 |= 100 1.00 


31000 94 1.06 


30000 91 1.10 
19000 61 1,74 


30000 91 1.10 
19000 6! 1.74 


23000 70 144 


#NOTE THAT ALL RATIOS OF "D” SCALED FROM PHOTOGRAPHS OF TEST SPECIMENS FROM KUHNEL 


An examination of Table 1 indicates the decided reduction 
(from 2.0 to 1.1) in stress concentration when the axle is de- 
signed with a raised wheel seat or pad for the outer press-fitted 
member. While no dimensions of the test specimen are given by 
Kiihnel it would appear from scaling the photographs that the 
pad diameter is about 1.5 times that of the adjoining section. 
Such a pad-diameter ratio is difficult to attain in practice, but 
the effect is promising enough to justify further tests on ratios 
more feasible in the design of machine parts. 

In this connection the writers have made a photoelastic study 
of the pad construction just outlined, as shown in Fig. 4. 
The determination of o; and o: have not yet been made, so that 
the principal stresses are unknown. It would appear, however, 
that the o, — o» fringes indicate less stress concentration. This 
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may be expected because a more gradual transition in section 
from the axle into the sleeve is obtained, the ends of the pad 
provide less lateral restraint with a consequent reduction in peak 


Fic. 4 AT THE RAISED WHEEL SEAT 
OF AN AXLE 
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Fig. 6 


Fias. 5 anp 6 STRESS CONCENTRATION IN GROOVED SLEEVES 
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press-fit pressure at the end of the sleeve, and the bending 
stresses finally disappear at the ends of the pad. 

In connection with the testing of grooved sleeves, the authors 
mention the possible effect of groove shape on stress concentra- 
tion. The writers have investigated different types of grooves 
by photoelastic studies, a number of the better types of which are 
shown in Figs. 5 and 6. Here again no separate values of o, 
and o; are yet available, but the point is being made that groove 
shape appears to have some influence on the final strength of the 
press-fit assembly. Only fatigue tests of press-fit assemblies with 
different types of groove designs can tell what improvement in 
strength is to be expected. 

Regarding the stress-concentration factors, the authors state 
that the fatigue stress-concentration factors are in general closer 
to the photoelastic stress-concentration factors than is ordinarily 
the case, and a comparison is made between the numerical values 
of stress-concentration factors obtained by photoelasticity and 
from fatigue tests. 

The writers believe that a direct comparison of these numerical 
values is misleading. As long as only a comparison between 
two different designs is desired, as for instance between the plain 
press fit and the grooved construction, it is reasonable to assume 
if one construction shows in the photoelastic tests a smaller 
stress-concentration factor than some other design, that the 
superiority of the first design over the other will also be found by 
fatigue tests, but not necessarily by the same difference in stress 
concentration. 

The numerical values cited by the authors seem to indicate a 
close agreement between the fatigue and photoelastic stress- 
concentration factors. However, in the Darmstadt tests 11 and 
12 (Table 3) the stress-concentration factors are 2.2 and 2.6 al- 
though the photoelastic test gives 1.95 for the plain press fit. 
The objection may be raised that in these two tests the material 
of the shaft does not have the same physical properties as the 
material of the collar while in the photoelastic study the same 
material is used for both parts. In test 12 the shaft is of Cr-Ni 
steel, and the collar is of low-carbon steel; this combination gives 
the stress-concentration factor of 2.6. If tests were made with a 
collar of the same material as the one of the shaft, i.e., Cr-Ni 
steel, it would be found that the stress-concentration factor 
would be still higher, probably near 3 or higher. This increase in 
stress concentration when a material of higher physical proper- 
ties is used for the collar is shown by tests 2, 10, and 11 (Table 3). 

The photoelastic studies show only the stress concentration 
due to the shape of the construction. In fatigue tests, as men- 
tioned by the authors, the stress concentration is due to the 
weakening action of the rubbing corrosion superimposed on the 
stress concentration due to shape, and as known will be a function 
of the sensitivity of the material and size of the specimens. Fora 
material with low sensitivity to stress concentration it may 
happen that the fatigue stress concentration due to shape plus 
the effect of rubbing corrosion will give an apparent fatigue stress- 
concentration factor of the same magnitude as the photoelastic 
factor. If the material has a high sensitivity this equivalence of 
numerical values will not hold unless the effect of rubbing corro- 
sion should be small for this material. 

The reduction of the size effect noted by the authors may be 
due to the fact that only the stress concentration due to shape is 
subject to the size effect, while the weakening action due to 
rubbing corrosion may be little affected by the size of the speci- 
men. 

It is noted that no reaction is taken through the pressed-on 
sleeve in the fatigue tests, while in the photoelastic tests the re- 
action of the loads used to produce bending is taken through the 
lower sleeve which acts as a support. For this reason the re- 
sultant of the pressure forces acting on the tension side of the 


Bakelite beam will not equal the resultant of the pressure forces 
acting on the compression side. In the fatigue tests described 
by the authors the resultants for the tension and the compression 
sides must be equal. In practical applications both cases may be 
found and it would be of interest to know the opinion of the au- 
thors on the effect of the reaction taken through the press fit on 
the stress-concentration factor. 

The authors indicate the use of the term “fatigue stress con- 
centration” in variance with the strict interpretation of the 
term, for lack of a better one. Eventually the factors which 
introduce an increase in stresses and those which decrease the 
strength of the material should be segregated. 


AvutTHors’ CLOSURE 


F The X-ray reflection method of determining the depth of the 
plastic layer due to rolling as presented by Dr. Barrett in his 
discussion seems to offer considerable promise. It should be 
mentioned that microscopic examination did not prove effective 
in this connection for the material used (0.42 per cent C steel). 
This is in agreement with German experience with medium 
carbon steel, although for 0.10 per cent C iron, micrographs 
show considerable grain flattening near the surface. 

Dr. Way’s discussion forms a valuable contribution to our 
knowledge of the rolling process. For the 15/s-in.-diameter 
fatigue specimen and 800-lb rolling load, the computed depth 
of plastic penetration is approximately 0.1 in. Since practically 
full endurance strength of such a shaft with a press-fitted collar 
was obtained, it was decided to attempt to roll larger shafts of 
the same material, keeping the ratio of depth of plastic pene- 
tration to shaft diameter constant. From the results shown in 
Table 2, it will be noticed that good agreement was obtained 
between the computed depths of penetration and the X-ray 
determinations of Dr. Barrett. Vickers hardness measurements 
also gave good agreement for the larger shaft diameters. 


TABLE 2 COMPARISON OF METHODS FOR OBTAINING 
PLASTIC PENETRATION ON VARIOUS-DIAMETER SHAFTS 


Roller 
Shaft Rolling Roller contour 
diam, load, diam, radius, ———Depth of ay layer, in.——. 
i i -Ray Hard 


in. lb in. in. Computed ness 

15/s 400 2 0.067 

7 2 sone ve 

12000 6 3 0.450 0.41-0.47 0.42-0.52 


Messrs. Horger and Maulbetsch present Kihnel’s complete 
results as having considerable bearing on the development of the 
pad construction which appears to have possibilities as a method 
of strengthening press fits. It seems to the writers that the 
ideas connected with the pad construction as presented by the 
discussers are essentially new and not to be derived from Kihnel’s 
test results. From Table 1 it would appear that the fillet end 
(4) carrying 30,000 lb per sq in. nominal stress is better than the 
plain press fit (5) carrying 19,000 lb per sq in. in nominal stress. 
However, the section modulus of (5) is over three times that of 
(4) so that (5) can actually carry twice as much moment as (4). 
If the smaller diameter is limited and the press-fit diameter can 
be increased considerably, the press-fit strength can obviously be 
increased by virtue of increased section modulus. The new idea 
introduced by the discussers is that the pad construction provides 
more gradual transition of section, less lateral restraint and con- 
sequently reduced peak pressure. This means that with a given 
press-f't diameter (dz), it is possible by decreasing the diameter 
a small amount outside the fit and using a generous transition 
radius to actually increase the moment carrying capacity, as com- 
pared to a shaft of constant diameter (d:). The discussers’ 
Fig. 4 shows that the above possibility exists. It is hoped that 
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the discussers will extend this interesting possibility to find 
optimum conditions of variables d;/d; and fillet radius. 

As mentioned in the paper, the authors believe that the press- 
fit fatigue problem involves essentially a high stress concentra- 
tion acting on a material weakened by rubbing corrosion. Some 
fatigue tests have been made with the idea of isolating the rub- 
bing-corrosion effect by use of special clamps. Although this 
work is not completed, it appears that a reduction due to corro- 
sion alone of about 25-30 per cent will be obtained for the same 
material as used in the press-fit tests. In Table 2, column (5) 
is obtained by dividing the values of column (4) by 1.4 which 
is intended to give a fatigue value due to stress alone for compari- 
son with photoelastic values. 

Additional photoelastic tests were also made on plain press-fit 
models to determine the effect (on the stress-concentration 
factor) of the ratio l/d of the length of collar to diameter of shaft, 
as well as that of the ratio p/o of nominal press-fit pressure to 
nominal bending stress. These tests were made by using an 
arrangement to give a pure bending moment on the bar repre- 
senting the shaft, since the cantilever apparatus described in the 
paper (Fig. 8) did not lend itself to the study of light press fits 
because of the compressive load on the lower block representing 
the collar. The photoelastic stress-concentration factors K, 
thus obtained are represented by the experimental points of 
Fig. 7 from which it may be seen that within limits the relation 


Kd 
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| 
=1.36 
EX PERIMENTAL 
POINTS 
lo =0.68 


WHERE 
=LENGTH OF COLLAR 
id = DIAMETER OF SHAFT 


a 
ZA 


PHOTOELASTIC STRESS CONCENTRATION FACTOR, Kp 


° 0.2 0.4 0.6 0.8 1.0 
RATIO & = NOMINAL PRESS FIT PRESSURE 
G@ NOMINAL BENDING STRESS 
Fic. 7 Pxotortastic StREss-CONCENTRATION FACTORS 


(Press-fit tests.) 


between the factor K, and the ratio p/o is roughly linear for 
given values of l/d. Using the curves of Fig. 7, a plot showing 
the relation between K, and 1/d for various values of p/o was 
drawn (Fig. 8). Since it is reasonable to assume that the stress- 
concentration factor will approach unity for small values of 1/d, 
the curves have been so drawn as to approach this value. Be- 
cause of the small number of experimental points available, 
these curves should be considered as rough approximations 
only. The photoelastic factors K, shown on Table 3 were 
taken from Fig. 8. 

An examination of Table 3 shows that the photoelastic stress- 
concentration factors are greater than the fatigue stress-concen- 
tration factors (corrected for corrosion). This is in agreement 
with experience, as in most cases photoelastic factors are lower 
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than the corresponding fatigue factors, and in no case does the 
latter exceed the former. 

In order to explain the results of series 4 and 5 (Table 5) 
obtained on solid specimens having the same contour as the 


TABLE 3 sy ot OF FATIGUE AND PHOTOELASTIC 
RESS-CONCENTRATION FACTORS 


(PRESS FITS) 
Fatigue 
stress- 
concen- Photo- 
Fatigue tration elastic 
stress- factor stress- 
Ratio concen- corrected concen- 
p/e at tration for tration 
Fatigue series No. Ratio endurance factor corrosion factor 
(Table 5) \/d limit K Ke Kp 
1 (Plain press-fit) 0.60 0.23¢ 1.47 1.05 1.18 
2 (Plain press-fit) 0.92 1.01 2.00 1.43 2.02 
3 (Plain press-fit) 0.92 0.01 1.44 1.03 1.10 
6 (Grooved construc- 
tion) 0.92 0.64 1.70 1.21 1.346 


«@ Estimated value of p taken as 5000 |b per sq in. 

+ In this case, because of lack of test data no correction was made to take 
into account the difference in //d obtaining in the fatigue test and in the 
corresponding photoelastic test. This correction should be small, however. 
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Fic. 8 Piotr or PHoToELAsTic STRESS-CONCENTRATION Factors— 
Press-Fit Tests 
(Curves obtained from data of Fig. 7.) 


press-fit specimens, some photoelastic tests were also made on 
flat bars with enlargements having sharp corners, to simulate 
the conditions occurring in the fatigue test. When the ratio of 
the width of the enlarged portion to the width of the bar proper 
was 3.7 (corresponding to the ratio D/d) a value of K, = 2.62 
(average of four tests) was obtained. Although the stress- 
concentration factor is theoretically infinite for a sharp corner, 
yet actually a small radius always exists and in the photoelastic 
tests when the fringe order curve was extrapolated to the edge, 
a finite value of stress was found. In a similar test where the 
ratio of the widths of the enlarged part of the bar to that of the 
narrow part was 1.2, corresponding to the proportions obtaining 
in test 5 (Table 5), an average photoelastic factor K, = 2.07 
was found. These photoelastic values compare with corre- 
sponding fatigue factors of 2.3 and 1.9, respectively, and thus 
explain why the results of series 5 show lower stress-concentra- 
tion values than those of series 4. 

The discussers state that by using a high-grade alloy-steel 
shaft and collar, a fatigue stress-concentration factor of 3 may 
be found (referring to Thum’s tests). High factors may be due 
to the following: (1) High ratio 1/d of collar length to shaft 
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diameter. (2) A high-strength steel collar would allow the use 
of higher press-fit pressures without yielding at the collar edge. 
(3) The rubbing-corrosion effect may be greater with a higher- 
strength shaft material. If all these factors are taken into 
account it is believed that the fatigue values will not exceed the 
photoelastic stress-concentration factors. 

The question concerning the size effect, mentioned by the 
discussers in connection with the fatigue tests of series 1 and 2, 
is answered by the subsequent photoelastic tests which show 
a considerable decrease in K, with decreasing values of the 
ratios 1/d and p/o. These tests thus confirm the opinion ex- 
pressed in the paper that the lower value of K found in series 1 
is caused primarily by the relatively short collar and low press-fit 
pressures used. 
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Regarding the question on the effect of the collar reaction 
raised by Messrs. Horger and Maulbetsch, a comparison of the 
results obtained with the bending-moment apparatus and those 
obtained with the cantilever apparatus (Fig. 8) shows only a 
small difference (of the order of 5 per cent at the most) for 
ratios of p/o around 0.7 to 0.8. This would be expected since, 
in the case of the present tests, the reaction increases the total 
press-fit pressure by only about 7 per cent on the compression 
side. 

Assuming a like increase in peak stress on the compression side, 
the effect on the stress range (which determines the factor K ,) 
would only be around 3'/,; per cent. For these reasons the 
authors believe that the effect of the reaction is of minor im- 
portance, except possibly for extremely short shafts. 
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Book Reviews 


Steel Structures Research 


SeconD Report OF THE STEEL STRUCTURES RESEARCH COMMITTEE. 
Department of Scientific and Industrial Research. His Majesty’s 
Stationery Office, London, 1934. Cloth, 6 * 9'/2 in., 369 pp., 
164 figs., 7s 6d. 


REVIEWED BY L. C. Maugu! 


HE Steel Structures Research Committee is composed of a 

distinguished group of engineers who represent the British 
Steelwork Association, the Institution of Civil Engineers, and the 
Government of Great Britain. Its establishment was primarily 
due to the desire of the members of the British Steelwork Associa- 
tion to encourage a more efficient, economic, and extended use of 
steel, and a willingness on their part to contribute financially to- 
ward such an undertaking. In collaboration with the Institution 
of Civil, Engineers, a committee was formed in August, 1929, 
under the direction of the Department of Scientific and Industrial 
Research. The aims and purposes of this Committee were clearly 
stated in the first report, published in 1931, namely: 

(a) ‘To review present methods and regulations for the de- 

-sign of steel structures, including bridges. 

(b) To investigate the application of modern theory of struc- 
tures to the design of structures, including bridges, and to make 
recommendations for the translation to practice of such of the 
results as would appear to lead to more efficient and economical 
design.”’ 

In accordance with these objectives the first report was de- 
voted largely to a compilation and comparison of representative 
specifications and research data relating to structural-steel de- 
sign. Much attention was also given to the development of more 
accurate methods of determining the allowable capacities of 
riveted, bolted, and welded connections. A recommended code 
of practice, which has been widely used in Great Britain, was in- 
cluded for temporary use. 

The second and latest report presents the progress of the com- 
mittee for the period March, 1931, to March, 1933. The contents 
of this bulletin treats, in general, the problem of stress analysis of 
building frames. More specifically, information and results of 
analytical and experimental research on the following subjects has 
been recorded: 

(a) The effective length of continuous columns in structural- 
steel frames. 

(b) Observed stresses in a number of structural-steel frames, 
mainly with seat-angle connections. 

(c) Experimental investigation of the elastic properties of 
various types of beam and column connections, particularly the 
relation between moment and angular deformation in riveted 
and bolted connections. 

(d) The analysis of the moments in the members of a frame 
having rigid or semi-rigid connections under vertical load by 
means of modified slope-deflection equations and the method of 
moment distribution. 

(e) Welding of steel structures. 

The results presented in this report have considerable value 
in showing what bending stresses are produced in columns 
by ordinary riveted beam connections, when the beams are sub- 
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jected to vertical loads. Various methods of analysis are sug- 
gested in which the elastic properties of the various types of 
connections can be introduced. Although these methods are not 
likely to be of immediate practical use, nevertheless they give a 
start toward removing that glaring inconsistency which is so 
common in the design of steel buildings, namely, that of assuming 
no restraint at the ends of beams when subjected to vertical loads 
and full restraint at the connections when the building is sub- 
jected to horizontal loads. There seems to be opportunity for 
more economical design if this problem can be satisfactorily 
solved. 


Welded Structures 


FABRICATED WELDED STEEL Construction. By J. Collinson, 
M.I.W.E. Draughtsman Publishing Co. Ltd., London, 1934. 
Cloth, 51 pp., 15 photographs, 3s. 

Rivetinc AND Arc WELDING IN SHip Construction. By Com- 
mander H. E. Rossell, U.S.N. Professor of Naval Construction, 
Massachusetts Institute of Technology. Simmons-Boardman 
Publishing Co., New York, N. Y., 1934. Cloth, 5 xX 7'/2 in., 
210 pp., 46 figs., $2.25. 


REVIEWED BY C. H. JENNINGS? 


R. ROSSELL’S book is essentially a text and reference 

book dealing with the design and construction of riveted 
and welded joints as applied to ship construction. The fact 
that the book deals specifically with ship construction does not 
detract from its value, however, because in nearly all cases the 
joints and problems discussed are directly applicable to struc- 
tural, machine, and tank construction. 

The book is divided into two major sections, riveting and 
welding. The joint designs considered in each section are care- 
fully analyzed and developed by taking into consideration both 
the practical and theoretical phases of the problem. Numerous 
specific examples are worked out as a means of illustrating the 
method of applying the various formulas that are derived. 

Special consideration is given to the practical phases of both 
welded and riveted construction such as the production of oil- 
tight and watertight joints and the reduction of warping and 
residual stresses in welded joints. A critical comparison is made 
between welds made with bare and “‘shielded-are’’ electrodes, 
and applications, where each are suitable, are discussed. 

The designer of welded constructions, whether the construc- 
tions are ships, buildings, bridges, or machines, will find in this 
book a wealth of valuable data from the standpoint of selecting 
the proper joint and the design of the same. 

Mr. Collinson’s article contains a discussion of the important 
factors he has found to have an influence in the economic design 
of are-welded structures. The factors discussed cover both 
drafting-room and shop practices and although some are not in 
accordance with the American practice they are worthy of con- 
sideration. In some cases the procedures employed in obtaining 
certain conclusions are rather incomplete and difficult to follow, 
thereby detracting from their value. 

The draftsman and designer of welded machinery will be par- 
ticularly interested in the author’s discussions dealing with the 
proper developed lengths of formed plates, specification of welds, 
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on drawings, design notes, and cost analysis. The cost analysis 
of welded structures is of particular importance because the 
author has attempted to follow the general practice used in esti- 
mating the cost of castings, i.e., reduce the castings to a system 
of classification and weight. 

Broadly speaking, Mr. Collinson’s article is a worth-while 
contribution to the art of welding design, a field greatly in need of 
careful study and analysis if the advantages and savings that 
welding affords are to be obtained. 


Rayleigh’s Principle 


RAYLEIGH’S PRINCIPLE AND ITs APPLICATIONS TO ENGINEERING. 
By G. Temple and W. G. Bickley. Oxford University Press, 
London, 1933, Cloth, 5'/2 X 81/2 in., 156 pp., 22 figs., $4.75. 


REVIEWED By J. N. GooprEer? 


RAYLEIGH'S PRINCIPLE, the central subject of this book 

is of great importance in engineering. It provides valuable 
simple methods for estimating the natural frequencies of vibra- 
tion of elastic structures and machine elements, especially those 
which come under the headings of thin bars and plates. A 
knowledge of the natural frequency is, of course, essential where 
resonant vibration is to be avoided. The principle is equally 
useful as a means of investigating stability. It can be made to 
give good approximate formulas for whirling speeds and buckling 
loads. This book puts the principle on a sound footing and 
exhibits its application in a variety of examples of great interest 
to engineers, including the whirling of non-uniform shafts under 
the influence of torque and tension, the tippling or sidewise 
buckling of deep beams, vibrations of rotating disks, and the 
buckling of non-uniform struts. The simplicity of the method 
as applied to some of these otherwise rather forbidding problems 
is often very striking. 

In a freely vibrating system the energy is all potential when 
the system is at the extremity of its swing, and all kinetic when 
it is passing through its equilibrium position. These two ener- 
gies must be equal when there is no damping, since each is equal 
to the total energy, which is necessarily constant. If we know 
the configurations, or amplitudes, of the system as it vibrates, 
we can calculate the potential energy. In any simple harmonic 
motion the kinetic energy of each particle is given by its mass, 
amplitude, and frequency. It is proportional to the square of 
the frequency. Consequently, the equality of the maximum 
kinetic and potential energies becomes a formula for the fre- 
quency. Now, even if the configuration of the system at the 
extremity of its swing is not known accurately, it can, neverthe- 
less, often be represented approximately, and simply, from ob- 
servation or intuition, and with this approximation the calcula- 
tion outlined will give an approximation to the natural frequency. 
Rayleigh’s principle may be expressed by the statement that 
whatever the approximation chosen for the configuration, or 
deflection in the vibration, the resulting approximation to the 
frequency will always be greater than the true value, which 
would be obtained if the true deflection were used. As a matter 
of fact it has turned out that any reasonable representation of 
the deflection gives a frequency surprisingly close to the true 
value. 

It has been customary to judge the accuracy and scope of the 
method by applying it to systems for which an exact formula for 
the frequency is known, such as uniform bars, and making a 
comparison between the Rayleigh approximation and the exact 
value. The same applies, of course, to the stability problems. 
There are, however, other simple approximate methods. The 
use of these, as well as of Rayleigh’s principle, provides both upper 
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and lower limits to the value required. These methods are dis- 
cussed in the book. When the limits so obtained are sufficiently 
close, nothing more is required. If it is otherwise, the Rayleigh 
approximation can be repeatedly improved and the error can be 
estimated by methods given in the book. 

The book can be read with an eye to results of engineering 
value without a detailed study of the mathematical argument. 
The results of the analysis are conveniently summarized in the 
introduction and in an appendix to chapters 3 and 4. The 
introduction also gives a general account of the principle and 
its applications, including a method for improving the approxi- 
mation. Chapters 1 and 2 are devoted to stability problems. 
Chapter 3 contains a rigorous proof of the principle. Chapter 4 
describes a second method for improving the approximation, and 
develops from it a means of estimating the accuracy at any stage. 
The estimation of the second natural frequency is also discussed. 
Three of the remaining four chapters are devoted to applications 
of the results, mainly to engineering problems of the types 
already mentioned. The other chapter deals with the methods 
which are supplementary to Rayleigh’s. They are based on a 
group of “‘comparison and synthetic theorems,” which are proved 
with the help of Rayleigh’s principle. 


Atomic Structure 


Atomic STRUCTURE AND Spectrat Lines. By Arnold Sommerfeld. 
Translated from the Fifth German Edition by Henry L. Brose. 
E. P. Dutton and Company, Inc., New York, 1933. Cloth, 670 
pp., 151 diagrams and photographs, $10.80. 


REVIEWED BY J. ORMONDROYD‘ 


HE Fifth German edition of Professor Sommerfeld’s classic 
work on atomic physics appeared in two parts. This 
volume, which is a translation of the first of these, contains the 
older quantum theory. A second volume, to appear shortly in 
translation, will contain the more recent wave-mechanics theories. 
Only ten years ago Bohr was charming American audiences 
with accounts of his microscopic solar system in which the 
planets (electrons) repelled each other (although perturbations 
played no important réle in the theory of the simple hydrogen and 
helium atoms) and jumped from orbit to orbit as they gained or 
lost energy according to Planck’s famous quantum theory of 
radiant energy. This little system explained much in spectral 
analysis; but not enough. Wave mechanics now rules in the 
field of atomic theories. But the latest theories can only be 
understood when the theories which grew around the Ruther- 
ford-Bohr atom are completely assimilated. This volume gives 
that necessary background. 

While ‘‘Atomic Structure and Spectral Lines” was written 
for mathematical physicists there are, undoubtedly, some mem- 
bers of the engineering profession who may have an occasional 
need for the technical information contained in this book. There 
are many who have a strong cultural interest in the ideas, theories, 
and results which form the core of present-day physics. To 
both types of readers this work can be recommended as being 
authoritative as far as the older quantum mechanics is concerned. 
It is difficult to imagine a more definitive work than the present 
volume. 

The work is mathematical in form, using vector analysis and 
Hamiltonian mechanics to arrive at its conclusions. The 
dynamics of the “special theory of relativity” is used in describ- 
ing the fine structure of the spectral lines. The mathematical 
devices are introduced in some extension and are presented 
persuasively to the reader. If, in spite of this, the engineer is 
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terrified by the mathematical language, much of the text can 
be read with a high degree of understanding independent of the 
formulas—the numerous results being stated, as often as it is 
possible to do so, in words as well as in symbols. 

Chapter 1 contains a critical historical résumé of the im- 
portant physical developments which bear on the subject, and 
also fundamental definitions and concepts. Here, as through- 
out the volume, footnotes give complete references to the original 
papers which form the basis of the science. Chapter 11 outlines 
the older theory of the hydrogen spectrum which stands as a 
foundation for all later developments. The orbital theories of 
Bohr are given in extenso and an introduction to Hamiltonian 
mechanics is outlined. After this the natural system of elements, 
X-ray spectra, the theory of fine structure, the intensity of 
spectral lines, the series-laws of spectral lines, the complex 
structure of the series terms, and band spectra are treated in the 
order named. 

Prof. Arnold Sommerfeld, holder of the chair of Theoretical 
Physics at the University of Munich, has himself contributed much 
to the subject which he treats in this volume. He has earned the 
gratitude of physicists throughout the world for carrying out so 
successfully the monumental task of giving a comprehensive and 
lucid exposition of modern atomic physics. Professor Brose, of 
University College, Nottingham, has achieved a smooth and, one 
feels, a completely authentic translation of the original work. 


Seaplane Design 


SeapLaNe Desian. By Lieut.-Comm. W. Nelson, Lecturer, New 
York University. McGraw-Hill Book Company, New York, 
1934. Cloth, 6 X 9 in., 274 pp., $3.50. 


REVIEWED BY SCHUYLER KLEINHANS® 


HE belief that the seaplane is destined to become increasingly 

important in the field of transportation has provided suf- 
ficient motive for the writing of this book, both as a textbook for 
the student and a source of information for the practicing engi- 
neer. The author’s experience as an officer in the Construction 
Corps of the United States Navy and various tours of duty as 
both shop superintendent and chief engineer of the Naval Air- 
craft Factory has well fitted him to write on this subject, so long 
neglected by engineers and educators because of the scant amount 
of information available. 

In the words of the author, this volume “is a compilation of in- 
formation and data attained to a great extent from the refer- 
ences.” As the references include practically all of the published 
information on the subject of seaplane design, the book is fairly 
complete although a bit brief in sections. The subject matter 
of the book passes successively through the topies of displace- 
ment and buoyancy, stability afloat, water resistance, float forms 
and dimensions, fioat arrangements, model tests of hulls and 
floats, take-off of the seaplane, seaplane stresses, watertight 
subdivision, weight, construction features and details, loft 
practice, and finally, mooring, towing, and beaching of sea- 
planes. 

The author passes quickly over those branches of aeronautical 
and naval architecture not specifically connected with the sea- 
plane problem by referring the reader to the many excellent 
textbooks on these two subjects, and confines himself to the 
particular questions associated with the design of the seaplane 
itself. The book is remarkably free from prejudice and causes 
one to regret that the author’s natural modesty prevented his 
expressing more of his personal ideas. After a summary of the 
history of seaplanes, the author discusses some applications of 
seaplanes and then launches into the heart of his subject begin- 
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ning with the statics of flotation. He here discusses the proper- 
ties of liquids, Archimedes’ principle, Simpson’s rules, displace- 
ment, coefficients of fineness, permeability, and center of buoy- 
ancy location. 

The next chapter, dealing with stability afloat, discusses 
conditions of equilibrium, the metacenter, location of the center 
of gravity, inclining experiments, free water and its effects on 
the stability, flooded compartments, righting moments, dynamic 
stability and metacentric height of seaplanes. 

Under water resistance, the author discusses again properties 
of liquids, waves produced by a vessel, natural sea waves with 
a brief résumé of the natural-wave theory, and the components 
of water resistance. 

Float forms and dimensions are considered along with the 
traditional features of seaplane and hydroplane hulls, steps, and 
general shape of the under-water body. Decks, wing-tip float 
forms and air resistance are also under this section of the book. 

The general topic of float arrangements is expanded to include 
water stability in detail using the principles of naval architecture 
developed in earlier chapters, at the same time going over the 
various arrangements of floats as seen in actual practice. 

Model-basin tests are given their fair share of space, and rightly 
so, for they represent the backbone of seaplane knowledge to 
date. After discussing the purpose of model tests, there is a 
section devoted to similitude with paragraphs on Froude’s law 
and Reynolds’ number, as well as a comprehensive discussion of 
model limitations and results. A review of model-basin procedure 
and apparatus is followed by a description of the hydrovane and 
the complete float test with some remarks about flight tests of 
large models on a small inexpensive airplane. 

The important problem of the seaplane takeoff occupies a 
chapter in itself with illustration of take-off calculations including 
float resistance, propeller thrust and effects of the trimming 
angle. 

Seaplanes, which are subjected to hogging and sagging stresses 
as well as the stresses caused by landing and take-off, and some- 
times special cases such as catapulting, must be designed to 
withstand these loads. The author has grouped these various 
stress-producing conditions under ‘Seaplane Load Determina- 
tions,” where he also gives a general description of the theories 
of impact landing as well as a review of the impact-landing re- 
quirements of several governments. 

The necessity of watertight subdivision is expounded and the 
questions of stability and change of trim due to flooded compart- 
ments are given in detail in a chapter devoted to this subject 
along with a description of subdividing methods. 

After some remarks on the traditional subject of weight, which 
includes a tabulation of the detail weights of a typical patrol- 
type flying boat, the author considers various features of con- 
struction and discusses some of the materials available for float 
and hull structures. There are paragraphs on framing, bulk- 
heading, and shell plating. Construction details include types 
of rivets, efficiency of riveted joints, watertight construction, 
and closures. 

Under line drawings and loft practice, the author gives only a 
glimpse into this fascinating and most rapidly growing depart- 
ment of a modern aircraft factory. There is, however, sufficient 
explanation to awaken the reader to the tremendous possibilities 
of the mold loft as a means of improving aircraft manufacturing 
technique and materially reducing the cost of the finished article. 

Under mooring, towing, and beaching seaplanes the author 
describes anchors and towing lines as well as hoisting, docking, 
and beaching procedures. 

The material and composition of ‘Seaplane Design” is such 
that, except for some twenty-six pages of appendixes devoted to 
sketches of typical seaplanes which are bound to become obsolete 
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almost as soon as the book is off the press, it should stand the 
test of time and be as useful some years hence as it is today. 
The excellent index is a detail that will be appreciated both by 
the casual reader and the more serious student. The book is a 
distinct contribution to the small but growing amount of litera- 
ture on seaplane design and it is to be hoped that the appearance 
of this volume will be an inspiration to other writers to take up 
the work where space limitation has caused Mr. Nelson to leave 
off. 


Aerodynamic Theory 


AERODYNAMIC THEORY. Dr. William Frederick Durand, Editor-in- 
Chief. Vol. 1. Julius Springer, Berlin, 1934. Cloth, 6 X 10 in., 
398 pp., 151 figs., 20 rm. 


REVIEWED By J. C. HUNSAKER® 


The Guggenheim Fund for the Promotion of Aeronautics, be- 
fore closing its active and most useful life, made provision for the 
preparation of a series of monographs on aerodynamic theory by 
the outstanding international authorities in this field, to be con- 
tained in six volumes of which this is the first. The plan of the 
editor-in-chief is to present knowledge of aerodynamic theory 
with especial reference to progress in the past twenty-five years, 
the period since flight became an element of our civilization. 
Such a work is most welcome, as the original material is gen- 
erally unavailable except to those having access to the great 
libraries; and even here an extensive search through many 
publications in many languages would be required. 

The first volume appropriately furnishes a general introduction, 
giving in some detail the special mathematical methods of fluid 
mechanics and a critical review of the development of modern 
aerodynamic theory from the classical hydrodynamics of the 
last century. The complete series will present the theory of per- 
fect, viscous, and compressible fluids, with applications to air- 
foils, bodies, propellers, and cooling, and to the dynamics and 
performance of airships and airplanes. Aircraft design itself, 
being an art rather than a science, and hence changed rapidly by 
economic, political, metallurgical, and other conditions, as well 
as by unpredictable inventions, is not to be included. 

The first volume begins with an elegant yet concise treatment 
of the mathematical aids used in the later development of the 
mechanics of fluids. Here the grateful reader will find that, with- 
out further preparation than that given by ordinary college 
mathematics, he may acquire an understanding of the complex 
variable, vector algebra, vector fields, and the motion of a fluid 
described by potential functions. Gauss’s, Green’s, and Stokes’s 
theorems are developed and the method of conformal transforma- 
tion explained and illustrated. A really adequate and rigorous 
treatment of the theory of dimensions and of kinematic simili- 
tude is set forth by Dr. Durand, whose genius as a teacher is to 
be noted throughout. 

Dr. Durand contributes ten chapters on fluid mechanics, 
following directly after his development of the necessary mathe- 
matical technique. These chapters begin with the fundamental 
equations of motion and of equilibrium for the perfect fluid and 
the engineering reader is easily carried through the solution of the 
elementary problems of parallel flow, sources and sinks, doublets, 
vortices, and their combinations, as well as the application of 
conformal transformation to flow fields. This portion of the 
work is intended to serve as an introduction to more advanced 
analysis. Dr. Munk then follows with a more comprehensive 
treatment of somewhat the same ground, using the methods of 
space-vector analysis, and extending to the solution of problems 
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of motion of solids in a perfect fluid. The generalized three-di- 
mensional method introduces the conceptions of apparent mass, 
polar and elliptic coordinates, and leads to consideration of the 
elongated ellipsoid resembling an airship. Here, Munk discusses 
generalized potential flow and the forces which are of interest in 
design. These solutions by Munk are frankly for the advanced 
reader and may be compared with those by Horace Lamb in his 
“Hydrodynamics” for a somewhat fuller treatment. 

The last ninety pages of the book are devoted to a conscientious 
review of the history of fluid mechanics. This section is the first 
adequate survey of the contributions of the various workers in 
the field during the present century. A critical appraisal is 
badly needed because of the interruption to the free exchange of 
scientific thought by the war and the inevitable duplication of 
research effort. 

The historical review is divided into three parts: The first 
covers the period of early thought to the end of the seventeenth 
century, marked by Leonardo’s correct statement of relative mo- 
tion as the basis for flight. The second period, that of classical 
hydrodynamics, begins with Newton and ends with the nineteenth 
century. It is marked by a veritable flowering of applied mathe- 
matics in the hands of such giants as Newton, Bernoulli, D’Alem- 
bert, Euler, Lagrange, Helmholtz, Kirchoff, Rankine, and 
Rayleigh. The classical theory, in order to permit mathematical 
solutions, postulated a perfect frictionless fluid. While useful 
principles were obtained, the problem of actual flight could not be 
solved until experiments with real fluids were undertaken by 
Reynolds, Froude, Wenham, Philips, Mouillard, Lilienthal, 
Dines, Langley, and the Wrights. The classical theory could 
not account for the results of experiment. 

At the end of the century there was a wide gap between theory 
and experiment, and aerodynamic theory played but a small part 
in the early development of the airplane. But with the stimulus 
given by the first actual flight, scientific attention was sharply 
focused on the underlying fluid mechanics. Theoretical ad- 
vances came rapidly thereafter. 

In the third part of their review, Giacomelli and Pistolesi 
trace the remarkable renaissance of hydrodynamics in the hands 
of Lanchester, Kutta, Joukowski, Prandtl, and their followers. 
Today aerodynamic theory determines the correct shape and pro- 
portions of wings, propellers, etc., and predicts the practical 
performance of the aircraft built to conform to theoretical consid- 
erations. That this can be true, results from the application of 
the methods of classical hydrodynamics to the mechanics of real 
fluids (Lanchester-Prandtl wing theory), the theory of dynamic 
similitude (Reynolds-Rayleigh), and the theory of the boundary 
layer (Prandtl). } 

The development of the modern wing theory for finite spans 
by Prandtl and his collaborators, from the qualitative and intui- 
tional conception of Lanchester and the classical two-dimensional 
solutions of Kutta and Joukowski, is a fascinating example of 
the international character of research. It is to be regretted 
that in the history of theoretical aerodynamics no American con- 
tributions are worthy of note, although on the experimental side 
we might suggest D. W. Taylor, Langley, Zahm, and the Wrights. 

The historical survey closes with the wing theory and does not 
attempt to appraise recent contributions toward the unsolved 
problem of resistance in real fluids, although the early work of 
Mallock (1907), Bénard (1908), and von Kérm4n (1911) is care- 
fully set forth. 

In Volume 2, von Kaérmdn and Burgers will deal with the wing 
theory. In Volume 3, Prandtl will treat the mechanics of vis- 
cous fluids, and G. I. Taylor the mechanics of compressible 
fluids. There has been significant work on turbulence from each 
of these four, and one may hope that upon completion of the six 
volumes planned for the Guggenheim series on aerodynamic 


ol 
ane 
| 
3 
: 
an 
> 
| 
¥ 


JOURNAL OF APPLIED MECHANICS A-79 


theory, there may be found means to publish a seventh volume to 
include advances in the theory of turbulence and boundary-layer 
mechanics, made since the series was planned. The reviewer 
ventures the prediction that the next important step in aerody- 
namic theory will give an understanding of the boundary layer 
by which its apparently whimsical tendency to separate from a 
wing or other solid body may be predicted and dealt with by 
practical designers. The problems of boundary-layer separation 
and of the consequent turbulent wake resistance are fundamental 
and must be solved before aerodynamic theory can have full 
engineering application. 


From Galileo to Cosmic Rays 


“From GaLILEo To Cosmic Rays,’ Harvey Brace Lemon, Ph.D., 
Professor of Physics, the University of Chicago. The University 
of Chicago Press, 1934. Cloth, 6 X 9 in., 450 pp., 100 photographs, 
325 line drawings. Educational edition $3.75, stereoscope $0.75 
extra; trade edition $5, includes stereoscope. 


REVIEWED BY J. ORMONDROYD? 


HIS book, with sections on mechanics, heat, electricity and 

magnetism, electricity and matter, and waves and radiation, 
is offered as a textbook to be used in an introductory survey course 
of the physical sciences. Professor Lemon’s well-instrumented 
demonstration lectures at the University of Chicago form a 
secure basis for this work. While it is difficult to put one’s 
self into the frame of mind of an undergraduate again, those 
who read this book will wish that the subject had been presented 
to them in the style and manner used by the author. 

The textbook writer usually attempts to satisfy self-imposed 
demands as to a preconceived quantity of material compressed 
into a logical order of presentation. With this ideal he succeeds 
in presenting a number of perfectly correct and desiccated 
formulas properly cataloged and card-indexed. But he often 
forgets that it takes two to make a textbook—a reader as well as 
a writer. Professor Lemon avoids this common pitfall by think- 
ing of his readers first, last, and always. 

To the student the material usually presented seems to be 
arbitrarily selected; unconsciously his reaction is ““Yes—What 
of it?” That contact between his familiar life and the new 
material is often woefully absent and the professor seems to 
have little sympathetic intuition of his unvoiced questioning. 
As far as he can, Professor Lemon ties his physics to every-day 
objects in the undergraduate’s life, and elicits a feeling of com- 
radeship by clearly indicating that he understands the student’s 
psychological reactions. He even talks in the student’s slangy 
idiom at times. Only mathematics of the simplest form is used— 
a concession filled with wisdom in view of the fact that the book 
has as its essential purpose the creation of an interest which 
can be satisfied by subsequent deeper and more detailed delving. 

“One picture is better than a thousand words.” The reader 
is never out of sight of one or more of the hundreds of photo- 
graphs and line drawings. The photographs show views of 
demonstration apparatus in action adding concreteness to the 
text; while the line drawings are frequently humorous and always 
instructive. As a crown to the pedagogical strategy the book 
is provided with many double-exposure pictures and a stereo- 
scope through which to view them. This not only adds the 
element of play to reading the book; but also insures close 
attention and greater revealed detail to the pictures so treated. 

The title indicates that the subject matter is treated his- 
torically. Living glimpses of the master creative minds as 
given in this book add another humanizing touch to the text. 
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The arrangement of the text in the order as given is also his- 
torically correct and prepares the student for that change from 
the mechanical point of view to the electromagnetic outlook 
which dominates physical thought today. Besides technical 
instruction, the book affords that generalizing view-point which 
gives it high cultural value. 

Why should a book primarily designed for the instruction of 
youngsters be brought to the attention of practicing engineers? 
First of all, any engineer who reads this book will be highly 
amused and delighted. Secondly, most of us really do not know 
too much about the fundamental physics of the things we create 
and operate. Perhaps we could learn more than an undergradu- 
ate would be prepared to learn from this most human attempt at 
scientific exposition. 


Statics and Dynamics of Shells 


STaTIK UND DyYNAMIK DER ScHALEN. By W. Fligge. Julius 
Springer, Berlin, 1934. Cloth, 6 X 9 in., 240 pp., 98 figs., 
22.50 rm. 


REVIEWED BY J. P. DEN Hartoa?® 


‘THs book deals with the subject of stress, deformation, 

- stability, and vibration of curved thin shells in a clear and 
complete manner. Written by a member of the Géttingen school, 
it forms a worthy counterpart to the excellent book on flat plates 
produced some ten years ago in the same laboratory by Professor 
Nadai under the title ‘“Die Elastische Platten.” 

Curved thin plates or “shells” are employed in many important 
structures, e.g., domes or vaulted roofs of reinforced concrete, 
pressure vessels, boilers, oil tanks, pipe lines, and airplane fuse- 
ages or struts. An extensive literature on the subject has been 
built up, especially during the last fifteen years, and of this the 
book gives a complete account. The mathematical methods 
employed necessarily include a great deal of partial differentia- 
tion, but beyond that do not require any further knowledge on 
the part of the reader. A number of the most important results 
are illustrated by graphs. 

The book is divided in ten chapters, of which the detailed 
contents are as follows: 

The first is an introductory chapter giving the relations between 
stresses and bending moments at an element and also the relations 
between the stresses at a point by means of Mohr’s circles. This 
latter method is worked out rather completely for shells of rein- 
forced concrete. 

The second chapter deals with the “membrane theory” of 
shells of revolution, especially with domes of various shapes 
and liquid reservoirs. By “membrane theory” is meant a 
theory which neglects bending stresses and only takes account 
of tensions. It is shown that this approximate theory is quite 
satisfactory in many cases, and that bending only comes in near 
the boundaries. The situation is somewhat analogous to struc- 
tures built up of bars, in which the “primary” stresses are all 
pure tension, whereas the bending comes in only as a “secondary” 
effect. 

The problem of a dome of equal strength (variable thickness) 
loaded by its own weight is solved. An interesting discussion 
and a good photograph is given of an oil-storage tank of equal 
strength having the shape of a drop of mercury reposing on a 
horizontal plane. Though the membrane stresses in the shell 
itself can be calculated from equilibrium conditions only, some 
statically indeterminates are usually introduced by the supports. 
For the purpose of calculating these, some methods for finding 
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the deformations are discussed rather fully. Finally, the energy 
method for calculating the indeterminates directly is given. 

The third and fourth chapters treat the same topics for cylin- 
drical shells and for shells generated by the parallel translation 
of some curve. The principal applications here are pipe lines 
on many supports, slightly vaulted cylindrical reinforced-concrete 
roofs, and also domes made up of intersecting cylinders. 

The fifth chapter shows how all previous results can be ex- 
tended to shells generated from those discussed before by stretch- 
ing them in one or more directions. For instance, the stresses 
and deformations of ellipsoidal shells can be deduced from those 
of the sphere. 

The chapters six to eight which form the backbone of the book, 
discuss the more complete bending theory, taking full account 
of the literature which has been accumulating on this subject. 

Chapter nine deals with the stability or buckling problem of 
a cylinder under external or endwise pressure with and without 
stiffened ends, as well as of cylinders under torsion. The stability 
of a thin-walled sphere under external pressure is also discussed. 
In the final chapter a brief treatment is given of the vibrations 
of cylindrical and spherical shells. 

A very complete bibliography is appended, taking the place of 
footnotes in the text. 


Through Space and Time 


THROUGH SPACE AND Time. By Sir James Jeans, D.Sc., F.R.S. 
The Macmillan Company, New York, N. Y. University Press, 
Cambridge, 1934. Cloth, 6 X 9 in., 218 pp., 106 figs., $3. 


REVIEWED BY J. ORMONDROYD? 


HIS little book, based on the Christmas Lectures of the Royal 
Institution delivered in 1933, is designed, according to the 
author, for an eager and critical audience, ranging in age from 
under eight to over eighty and in scientific knowledge from the 
aforesaid child to the staid professor of science. In other words 
it is offered to any one who can read and who is interested in 
the phenomena that are presented to his senses. It is a notable 
example, among numerous similar efforts, of the attempt which 
is being made increasingly by scientists and scholars to interpret 
and expose to the world at large the results of science and scholar- 
ship which are the dominating influences in our lives today, 
but which seem so remote and so incomprehensible to the major 
part of the human race. The scientist here stoops to conquer the 
non-scientific mind. 
The objective and general outline of the book are announced 
by the author somewhat in the following fashion: 


We shall travel—or pretend to travel—so far through space that 
our earth will look like less than the tiniest of motes in a sunbeam, and 
so far through time that the whole of human history will shrink to a 
tick of the clock, and a man’s whole life to something less than the 
twinkling of an eye. 
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As we travel through space, we shall try to draw a picture of the 
universe as it is—vast spaces of unthinkable extent and terrifying 
desolation. 

As we travel through time we will show not only the present, but 
also the past and the future of the universe. We shall see the sky 
as it was a million-million years ago—vast colonies of stars being 
born, living their lives and finally dying. We shall watch our sun 
broken up in great turmoil producing a family of planets. We shall 
watch our earth, a globe of hot gas, which gradually covis and becomes 
a suitable abode for life. We shall see, finally, mea arriving, taking 
possession of his tiny speck of dust in space and surveying with aston- 
ishment the strange universe in which his life is cast. 


It can be seen that the author does not shrink from putting his 
material into the most popular of forms. If the reader has never 
been astonished at his universe before, he will be after he reads 
this little treatise. One inevitably thinks of P. T. Barnum or 
Mr. Brisbane on reading the above announcement. Because of 
its avowed intent, no mathematics or involved trains of reasoning 
are used in the text. The matter is purely descriptive statement 
of fact which requires merely passive absorption. “One picture 
is worth ten thousand words,” some one has said, and following 
this psychological hint the book is liberally illustrated with inter- 
esting photographs. The book might be justly described as a 
collection of scientific ““Just-So Stories’ and is certain to appeal to 
all engineers who enjoy reading. 

This geocentric survey of the universe starts on the earth, 
glances at the atmosphere which beneficiently surrounds the 
earth and arrives, in the third chapter, at the phenomena in the 
sky which form the most extensive part of the matter treated. 
The moon, the planets, the sun, the stars, and the nebulae are 
discussed in great detail. Geology, astronomy, the various 
branches of physics, are touched upon as they are needed to de- 
scribe the phenomena selected for exposition. 

How do we know the earth is round and rotates? How was its 
size first measured? How far is it from the other bodies swim- 
ming in space? Why is the sky blue? Why do radio signals 
fade? What about this stratosphere every one is attempting to 
reach? How can pictures be taken in the dark? Would mirrors 
reflect if their surfaces did not conduct electricity? What would 
we find if we could visit the other members of our solar system? 
How big, how hot, how far are the stars? How do nascent uni- 
verses condense out of nebulae? All these questions and a thou- 
sand more are treated in building up this integrated picture of our 
universe. 

To the constant reader of popular scientific outlines or histo- 
ries some of the facts given will be inevitably familiar; but never 
have they been joined together so logically into such a pleasing, 
entertaining and instructive whole. 

Sir James Jeans has such an ease of delivery, both in speaking 
and writing, that his utterances always find a receptive audience. 
His background of creative work in the subject matter of this 
little book as represented in his mathematical treatises ‘“Astron- 
omy and Cosmogony” and “Problems of Cosmogony and Stellar 
Dynamics” renders his simplest statement rich in content and 
authority. It is rare, indeed, that the mind capable of distilling 
such scientific output can bend itself to the more lowly task of 
putting the interesting results into elementary form. 
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A Method of Balancing Reciprocating 
Machines 


By W. E. JOHNSON,'! SCHENECTADY, N. Y. 


General types of balancing problems are classified into 
three groups: Those requiring perfect balance, those in 
which the machine inherently is balanced sufficiently well 
for practical purposes, and those requiring a distinct com- 
promise, such as single-cylinder engines. It isa method of 
securing an optimum condition for the last class that is 
presented. 

The method consists, first, of the selection of a suitable 
criterion for the particular problem, such as minimizing 
the average potential energy of vibration in a spring 
mounting, which tends to secure the least possible trans- 
mission of vibration. Another criterion may reduce the 
vibration of the machine itself toa minimum. The selec- 
tion of a suitable criterion is a matter for the judgment of 
the designer. When the selection is made, the attainment 
of the optimum sought is carried out by mathematical 
analysis. This general method is particularly useful for 
balancing spring-mounted machines. An_ illustrative 
problem is given for this case, showing the effects of work- 
ing to several different criteria. 


HE problem of balancing a machine is not one that offers 

a definite solution in each case, for often the problem has 

an economic side that makes the expense of a perfect 
balance prohibitive. It assists one’s comprehension of the 
general situation if the various types of balancing problems are 
classified as follows: 

1 There are occasional problems which require a_ perfect 
balance, regardless of cost. This makes the problem perfectly 
definite. Moreover, if the machine is self-contained, it is theo- 
retically possible to obtain a perfect balance both of the dynamic 
forces and couples, and of couples derived from gas forces. As 
a proof of this statement, consider a conventional gasoline 
motor. If two identical motors were fastened head to head, the 
crankshafts being geared together properly to give correct 
timing, and the corresponding cylinders being connected with 
gas passages to equalize the pressures, it is obvious that the 
resulting composite machine would be perfectly balanced, provided 
it does not have to transmit torque to an external machine. 
However, if the external machine which absorbs the power is 
perfectly balanced and made to absorb the power equally from 
each crankshaft, it becomes part of a larger system which is in 
perfect balance, both with respect to dynamic and gas forces. 
(The term “force’’ is often generalized to include couples.) So 
this type of problem, while it may not be simple, is certainly 
straightforward, and one may well add, rather unusual in engi- 
neering practice. 

2 One of the most frequent problems is that of obtaining a 
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reasonably good balance in a machine that is not designed pri- 
marily for perfect balance but which, nevertheless, is inherently 
capable of being sufficiently well balanced for practical purposes 
by the addition of relatively simple counterweights. In such 
machines it is usually possible to balance out all the first har- 
monic forces and couples perfectly. The second and higher 
harmonics may be small enough in magnitude to be neglected. 
If they are not, it may be necessary to use a special device for 
balancing one or more of the higher harmonics. A machine 
falling into this general class, for example, is the multicylinder 
automobile engine. Other examples may be found in certain 
rotary compressors, where all parts are balanced except, perhaps, 
a small blade whose inertia force is negligible. The balancing 
problems presented by these machines are definite, and can all 
be solved by the fundamental method of balancing forces and 
couples. It may not be amiss, before leaving this general prob- 
lem, to point out that occasionally a machine can be thrown 
off balance dynamically partially to balance torques introduced 
by gas forces, with a net reduction in the vibration. The author 
is aware of one case where this was done in a high-speed com- 
pressor in order to improve the performance at working pressures. 
Of course, the compressor was then not as well balanced under 
no-load conditions as it could have been. 

3 In the third group may be placed those problems which 
require a distinct compromise as far as balancing is concerned. 
Single-cylinder reciprocating engines or compressors furnish 
examples of such problems, for usually cost is all important, the 
expense of perfect balance being prohibitive. These machines, 
when balanced as well as possible with a simple counterweight 
will still be appreciably out of balance. For this reason, and 
also to isolate noise, small compressors of this type are often 
spring mounted. The real heart of the balancing problem in 
this case lies in the realization of the best balance attainable. 
It is this problem that is to be treated in this article. 


THE SELECTION OF SUITABLE CRITERIA 


Perhaps it is not obvious at first sight, but it is a quite difficult 
task in many cases to define the “best’’ balance, or optimum 
condition. Yet this must be done before the problem of balanc- 
ing can be solved. Some of the criteria that may furnish opti- 
mum conditions in various instances will, therefore, be discussed. 

1 The maximum forces may be kept to a minimum. This, 
in effect, is what a designer does when he balances all of the 
rotating plus half of the reciprocating weight in a single-cylinder 
machine. The weakness of the method is that couples may be 
neglected, and the response of the system to the forces is dis- 
regarded. Fundamentally, there is no basic assurance that the 
minimum of human response is obtained, and, therefore, no 
philosophical basis can be claimed for the method. Actually, 
it has some practical value in cases where the machine and its 
mounting are symmetrical and uniformly responsive. 

2 The average kinetic energy of vibration of the machine 
produced by the unbalanced forces may be minimized, consider- 
ing the frame of the machine to be a free body in space. This 
method will produce an optimum condition for the machine itself 
provided the mounting is extremely flexible. It does not, how- 
ever, assure attainment of the least possible transmission of 
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vibration to the foundation. In any case, it will produce a 
reasonably good balance at the expense of very little effort in 
the computations. 

3 The average kinetic energy may be minimized, taking 
account of the effect of flexibility in the mounting. This will 
result in an optimum state of vibration of the machine, whatever 
the mounting, but will not necessarily produce the least trans- 
mission of vibration that is possible. 

4 The average potential energy in the mounting may be 
minimized, thus obtaining directly the least transmission of 
vibration to the foundation. This method is very sound from 
the philosophical viewpoint, and practically is very useful in the 
treatment of spring-mounted machines. One difficulty, though, 
will arise occasionally in its application, for mathematically 
there is no regard whatever for the balance of the machine itself, 
and occasionally the optimum condition is obtained in the 
mounting at the expense of excessive vibration of the machine 
itself. When this occurs, it is advisable to use the next method, 
mentioned under (5). 

5 In order to prevent a disagreeable vibration of the machine 
itself, and at the same time have as little transmission as possible, 
it may be desirable to minimize the total average energy of 
vibration, which is the sum of the average kinetic and average 
potential energies. This will undoubtedly produce good results, 
although the method in (4) may surpass it in certain cases. 

6 Occasionally it is desirable to apply a modification of the 
method discussed in (4). Ina domestic refrigerator, for example, 
if the compressor unit is mounted on top of the cabinet, the 
cabinet will be much more susceptible to horizontal vibration 
than to vertical. In this case it is advantageous to minimize 
a modified potential or force function which recognizes only 
horizontal displacements of the mounting springs. Generally 
speaking, either the kinetic or potential functions or both may 
be minimized in modified forms to suit the needs of a particular 
problem, or a particular force function may be minimized. 

After surveying these available criteria, it is evident that the 
particular one to be used in any instance will depend upon the 
circumstances and upon the results desired. For example, there 
should be a different treatment for a spring-mounted machine 
than for one that is rigidly mounted, and it must be decided 
whether the vibration of the machine is more important than 
the vibration transmitted by the machine. These things the 
designer must decide for himself, using his own judgment as a 
guide. The method of obtaining, mathematically, the optimum 
conditions sought will now be treated. 


METHOD OF OBTAINING OptimuM ConDITIONS 


Fundamentally, the method of obtaining these optimum 
conditions is simple. Suppose that the condition sought is that 
of minimum potential. Then it is only necessary to determine 
the average potential energy Va as a function of the counter- 
weight force ¢. Briefly 


If two counterweights are to be used, then 


etc. The value of the counterweight force required for mini- 
mum JV, is determined from the equation 


dV 
de [3] 
for one counterweight, or from the equations 
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for two counterweights. The method may be generalized to 
include n variables, of course, except that the resulting simul- 
taneous equations must be independent. The treatment of the 
problem will now be further elucidated. 

The frame of a machine, together with all stationary parts 
attached to it, may be considered as a rigid body. When the 
machine is operating at constant speed, this body is acted upon 
by the unbalanced forces, and will, as a result, have a certain 
kinetic energy of vibration. The moving links of the machine 
will also vibrate with the frame except, theoretically, in the 
coordinate for which their motion is independent. For example, 
the piston of a reciprocating engine will not follow the vibration 
of the frame in the direction of its motion except when it is at 
the two dead-center positions. Actually, the friction coupling 
between the links and the frame may cause it to follow the 
vibration very closely. Again, a heavy rotating member, with 
a relatively small friction coupling, will not follow angular 
vibration of the frame about the axis of the rotating member. 
When determining the mass and moments of inertia to be used, 


Fic. 1 Rererence Axes Usep IN WRITING AN EXPRESSION FOR THE 
Kinetic ENERGY oF A MACHINE IN TERMS OF ITS VELOCITIES 


these facts must be considered. For @stance, if the axis of a 
heavy rotating member is parallel to one of the coordinate axes, 
its effective moment of inertia is the product of its mass by the 
square of the distance between the two axes, the moment of 
inertia about its own axis being neglected. 

Let it be assumed, for the sake of clarity, that the machine is 
spring mounted. Obviously, the vibration of the machine will 
produce oscillating displacements of the springs, and because of 
this fact there will reside in the springs a certain potential energy 
as a result. 

Both the kinetic and potential energies will be fluctuating in 
time, but if the cyclic speed of the links is constant, each will have 
a constant average value. Moreover, the kinetic and potential 
functions, and also their sum, are positive definite forms, so that 
when the average value of one of these functions is reduced to 
zero, its value at any instant is also zero. The significance of 
this lies in the fact that when the average potential energy is 
reduced to zero, there can be no vibration transmitted through 
the mounting springs. Similarly, if the average kinetic energy 
is reduced to zero, there can be no vibration of the machine itself. 
By minimizing these functions, we, therefore, approach the ideal 
condition as closely as possible. 

Now, the first mathematical step is to write an expression for 
the kinetic energy of the machine in terms of its velocities. To 
accomplish this, consider a set of Cartesian axes, OX YZ, fixed 


3 

; 
3 
4 
4 
; 
a 
i 

4 
| 

| 

Z 
| 

| 

| 

“4 


JOURNAL OF APPLIED MECHANICS A-83 


in space, with the origin at the center of gravity of the machine 
when it is at rest. Any suitable orientation may be used. 
Consider also that the frame of the machine has fixed within it 
a set of axes, oryz, which coincide exactly with the axes, OX YZ, 
when the machine is at rest in equilibrium. The relation of the 
axes is shown in Fig. 1. 

Let the displacement of o with respect to O be denoted by 
z, y, z. Also, let a = the rotation of ox with respect to OX, 
8 = the rotation of oy with respect to OY, and y = the rotation 
of oz with respect to OZ, all rotations being positive when counter- 
clockwise, looking toward the origin. 

Obviously, simultaneous rotations will produce inaccuracies 
in these definitions, but for small vibration, the errors intro- 
duced are negligible. 

Regarding the dynamic specifications of the machine, let 
M = the total mass, and A, B, and C = the moments of inertia 
about ox, oy, and oz, respectively. Also, let F = the product 
of inertia about oy and oz; let G = the product of inertia about 
ox and oz; and let H = the product of inertia about oz and oy. 

The definitions of the products of inertia, incidently, are 


F = Smyz; G = and H = 
the summations extending over all particles of mass m in the 
body. 
With these definitions, it may be shown that the kinetic 
energy T of the machine frame is 


T = + + 2) + (Aa? + BB? + Cy? — — 
2G ay — 2HaB)......... (5] 


where the dots denote differentiation with respect to time. 

Very often, a coordinate plane will be a plane of symmetry, 
in which case two of the products of inertia are zero. If two 
planes of symmetry coinciding with coordinate planes exist, all 
the products of inertia are zero. In cases where a machine is 
very nearly symmetrical about two of the chosen coordinate 
planes, it may be permissible to neglect the products of inertia. 

The potential function V will in general involve the squares 
of all coordinates and all possible products. In any particular 
case it may be difficult to derive, but the form of the function 
for a helical-spring mounting, where the springs are “built in” 
at each end, has been obtained and will be given here. It is 


_ first necessary to define the spring constants and the coordinates, 


which are as follows:? 


K, = the spring constant (lb per in., or similar units) for a dis- 
placement of one end of the spring along the axis of the coil 

K, = the spring constant for a displacement of one end at a 
right angle to the axis of the coil, both ends remaining 
parallel with the axis of the unstrained coil 

Ks; = the spring constant (Ib-in. per radian) for an angular 
displacement of one end about an axis at a right angle to 
the axis of the coil, with no translation permitted 

K, = the spring constant for an angular displacement of one end 
about the axis of the coil 

h = the active length of the coil. 


The spring is assumed to be placed with its axis vertical, the 
lower end being fixed to the foundation, and the upper end fixed 
to the machine at a point whose 2, y, and z coordinates are, re- 
spectively, a, b, and c. Using these definitions, it can be shown 
that the potential energy stored in a single spring because of a 
general displacement of the machine is 


? Expressions for these spring constants will be found in the 
appendix. 


; (Kec? + + Kiet + + K,b® + K, — heK;)a? 


+ (Kye? + + Ks; — heK2)8? + (Kb? + + K,)y? 
+ K.,(2ce — h)Bx — K2b(2c — h) By — K2(2e — h)ay 
— K.a(2c — h)ay — 2bKeyx + 2aKoyy 
+ 2Kibaz — 2K,apz — [6] 


The total potential, of course, is the sum of the potentials of 
all the springs. If the mounting symmetrical about the oz 
axis, a large number of the terms in Equation [6] will vanish. 

The next important step is to evaluate z, y, z, a, 8, and y in 
terms of the forces, and to substitute these values in either T 
or V, depending on which is to be minimized. To accomplish 
this, the equations of motion must be derived and solved. This 
is most conveniently done by using Lagrange’s equations, which 


are in the form 
d oT OV 


where q; = one of the coordinates, z, y, ete. 
Q; = the force acting in this coordinate. 


There will, in general, be six equations which must be solved 
simultaneously. The number may, however, be reduced to two 
identical sets of two simultaneous equations in special cases of 
symmetry, and where certain of the forces are zero. When the 
solutions of Equation [7] are obtained, they will be in the form 


with similar solutions for y, z, ete. Now, the Q,’s will contain 
the counterweight forces ¢:, ¢2, ete. Hence, when Equation [8] 
is substituted in Equation [6], there is obtained the explicit 
function 


From this, the time is eliminated by taking the average value 
V,, which is minimized by equating its differential to zero. A 
similar method is followed if it is desired to minimize T,, or any 
modifications of 7, and V,. It will be noted that the solution 
is much simpler if V = 0 and 7, only is minimized. This corre- 
sponds to a body floating in space, and is only approached prac- 
tically with extremely flexible mountings. 

Before leaving this technique, it may be well to touch upon the 
matter of modified, or restricted, potential functions. As ex- 
plained in the discussion of criteria, it may be desired to obtain 
the least possible disturbance in, say, the horizontal plane only. 
One may, in such a case, without a serious violation of logic, 
select from the potential function only those terms from which 
horizontal forces may be obtained, calling this collection of terms 
a “modified” potential function. 

One disconcerting result of this procedure, however, is that 
the new function, being only a part of some true potential func- 
tion, may sometimes be negative in value, and a negative poten- 
tial function in this case is disconcerting because one loses his 
concept of what is being accomplished. This difficulty can be 
obviated in a straightforward manner by minimizing the average 
of the square of the force acting in the horizontal (or other) 
plane. 

In order to illustrate this method it will be applied to the case 
in which the mounting consists of a plurality of vertical springs, 
and translatory disturbances in the horizontal plane are to be 
minimized. The notation used previously is continued, and in 
addition the displacements of the upper end of a single spring 
are denoted as follows: 


4, 52, and 4; = displacements of translation in the x, y, and z 
directions, respectively 


ef 

H 
; 
= 
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ti, t2, and ¢; = respective angular displacements about axes 
ox’, oy’, and oz’, parallel to ox, oy, and oz, but 
with the origin o at the top, and on the center 
line of the spring. 


The relations between these coordinates and those of the 
machine are 


=2+cs8— by, 
= y— ca + ay, (80) 
= + ba — as, 


& and & = 
Using this notation, it may be shown that the expression for 
the potential energy stored in a single spring is 


1 1 1 1 
VY. = K26;2 + 3 K26.? + 3 Kids? + 2 


1 1 h h 
+ > + 3 — 3 {11] 


The subscript n is used to relate the function V to a particular 
spring, ‘‘n.” 

Denoting by 7 and j the unit vectors in the ox and oy directions, 
respectively, the horizontal force acting is 


The net force acting in the horizontal plane because of simul- 
taneous displacements of ‘‘m”’ springs is 


™m 
.mov 
= — 13 
ih 


The absolute value is 


ly| = (= + (14] 


and the function to be minimized is the average value of 


2 ™ 2 
ov, ov, 
By using Equations [10], Equation [15] may be written in 
terms of the coordinates of the frame thus 


= K,? E + (= Ce bar | 
m m 2 
+ K,? E=e ma) a+ | [16] 


It will be found that this expression is very similar to a potential 
function. This force function, as it may be called, is essentially 
positive, and in using it (or functions of its type) for such prob- 
lems as that cited here, one has the advantage of clearly visual- 
izing what is being accomplished. Such functions cannot, of 
course, be derived in this manner when the general disturbance 
is to be minimized. The energy functions, as pointed out pre- 
viously, should be used in the general case. Incidentally, the 
greatest weakness of the “force function” lies in the fact that 
couples acting in the plane must be neglected if the forces are 
minimized and vice versa. In the elimination of this weak 
point lies the power of the energy method. 


AN ILLUSTRATIVE PROBLEM 


The problem to be solved here is that of obtaining an optimum 


balance for the machine that is shown in Fig. 2. For purposes 
of illustration, the optimum will be obtained for each of several 
criteria. 

As shown in Fig. 2, the machine, a simple compressor, has 
a vertical, overhung crankshaft. The machine itself is sym- 
metrical about two vertical planes through the center line of 
the crankshaft, on which the center of gravity lies, and the 
mounting springs are symmetrically placed about the vertical 
axis. 

The first necessary step is that of writing the potential-energy 
and kinetic-energy functions, V and 7. Equation [6] is used 
for obtaining V, the evaluation requiring substitution of the 
values of the spring coordinates a, b, and c for each spring. For 
the present it will be convenient to leave these values in algebraic 
form, the substitutions being made according to the following 
table: 


VALUES OF a, b, AND c 


Spring 
number —-a— —b-~ c 

1 0 R —d 

2 O.866R —0.5R 

3 —0.866R —0.5R —d 
Making these substitutions, the funetion V becomes, for this 

case 
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Fic. 2 A Simpte Compressor WITH a VERTICAL, OVERHUNG 
CRANKSHAFT IN THE PROBLEM FOR OBTAINING OPTIMUM 
BALANCE 
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V =; 


l 
[3K +- 3Kiy? + 3K,2? + 3( + + K; 


Nie 


l 
+ dhK»)a? + 3(K.d? K,R? + K; + dhK2) 8? + 3(K2R? 
+ K,)y? 3K,(2d + + 3K.,(2d + h)ay]........ [17] 


Similarly, from Equation [5], noting that F, G, and H are zero 
because of the symmetry 


l 
T = M + y? + 2°) + (Aa? + BB? + Cy?).. [18] 


In this problem, the numerical data are: w = the shaft speed 
= 182 radians per sec, K, = 75 lb per in., A, = 42 lb per in., 
AK; = 58 lb-in. per radian, A, = 17 lb-in. per radian, M = 0.086 
lb sec? per in., A = B = 0.60 lb-in.-sec?, d = 1.92 in., h = 2in., 
R = 4in., e, = 3.2 in., eg = 2.98 in., and es = 2.2 in. 


The dimensions ¢, @, and es, locate, respectively, the piston, 
erank pin and counterweight from the center of gravity, as 
shown in Fig. 2. It is usually desirable, when a numerical 
solution is sought, to start numerical work immediately by 
substitution of numerical coefficients in V and 7. In the present 
instance, this is delayed for other reasons, and V written with 
abridged coefficients is 


vin 


Veo = = (aux? + ayy? + + + + Agey? + 8x 


« 


Substituting Equations [18] and [19] in Equation [7], the 
equations of motion are obtained. Thus 


Mé + anz + an8 = Q, 
Mj + any + dea = Q, 
Mz + = Q, 
Aa + aya + avy 
BB + + = Qe 
Cy + dey =Q, | 


[20] 


Of these six equations, the two in z and y are independent. 
Moreover, it will be seen that the forces Q, and Q,, acting in 
these coordinates, are zero, so that z and y are both zero and 
may be neglected in the rest of the problem. Of the remaining 
four equations, the two in x and 8 are independent of the two in 
y and a. So the system reduces to two pairs of simultaneous 
equations, a very simple system to solve. The simplicity, of 
course, is a result of the symmetry. 

Before proceeding further it may be well to consider the nature 
of the forces Q,, etc. The mechanism illustrated is the simple 
Scotch yoke (see Fig. 2), so that all inertia forces will be simple- 
harmonic in form. Denoting component forces by 4q,, da, ete., 
the forces due to the piston are 


= F, sin wt; and) qa = —é:F sin wt 
The slide block contributes the components 


q = F, sin wt; ands q,_ = F; cos wt 
qa = sin wt; and = &F2 cos wt 


The crankpin gives 


= F; sin wt; and = q, = F; cos wt 
qa = —e2F; sin wt; and = qg = @:F cos wt 


Finally, the counterweight force, considered variable, gives 


dy = —¢ sin ot; and = C08 wt 
qa = Sin at; and = —é3¢ cos wt 


Adding the components in each coordinate, the results are 


Q, = (F: + Fs — ¢) cos wt 

= (F; + + F; — sin ot 

Qa = (—e,F, — 2 — + sin wt 
Qs = (e:F2 + — es) cos wt 


£ 


(21) 


Considering the sinusoidal nature of these forces, and making 
the numerical substitutions, the steady-state solutions of Equa- 
tions [29] are 

x = (0.0805Qg — 3.7Q,) X 10>! 

3 = (0,0805Q2 — 0.595Qg) X 1074 


[99 
y = —(0.0805Qa + 3.7Q,) X 1074 
a = —(0.0805Q, + 0.595Qa) « 1074 
Now, in Equations [21], let 
F, + F; 
= F, + F,+ F; [23] 
4, = eiF, + + | 
0, = + 
Then substituting Equations [21] in [22 
x = (0.008050, — 0.376, + 0.352¢) cos wt K 10° 
y = (0.008050; — 0.376, + 0.3526) sin wt x 1073 me 
a = (0.05950; — 0.008050, — 0.123@) sin wt X 107% 
38 = (—).05954, + 0.008050, + 0.123¢) cos wt 1075 
Also, from Equations [17] and [18] 
V = 632? + 63y? + 1462a? + 14628? — 367.532 
+ 367.5ay........ [25] 
T = 0.043(a? + y?) + 0.3(a? + .......... {26 ] 


Substituting the Equations [24] in [25], it will be observed 
that the factors involving the time are all of the form sin? wt 
or cos? w, the average values of which are 0.5. Denoting 
differentiation with respect to @ by primes 
dV 
= (126r' — 367.58’)x + (126y’ + 367.5a')y 

+ (2924a’ + 367.5y’)a + (29248’ — 367.52’)8...... [27] 


Making numerical substitutions in this expression, taking its 
average, and setting the result equal to zero, there is obtained 
the value of the counterweight force for minimum average 
potential energy. That is 


@ = 0.72F; + 1.48F; + 1.378F3 .......... [28] 


It is interesting to note that in this case, which results in a 
minimum of transmission, the counterweight is called upon to 
balance considerably more than “all of the rotating plus half of 
the reciprocating mass.” 

The method of computation has been indicated in sufficient 
detail to make further work unwarranted. However, it will be 
of interest to tabulate the results of working to other criteria in 
this same machine. For instance, if the average kinetic energy 
is minimized, considering the effect of the mounting, the result is 


= 0.605F; + 1.210F, + 1.16473; ........ [29] 


which is considerably less than in Equation [28]. On the other 
hand, if the total energy 7, + V, is minimized 


@ = 0.611F, + 1.222F, + 1.173F; .............. (30) 
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which value is found to fall between the two previous results. 
If the machine is considered to be floating in space, and 7’, is 
minimized, then 


@ = 0.560F; + 1.119F2 + 1.049F;............ [31] 


requiring the smallest counterweight of all. 

One other particular case is important. Suppose that it is 
possible to use two counterweights rather than one. Such a 
system can be represented by a rotating force at the center of 
gravity and a rotating couple acting in the plane of the force and 
the shaft center-line. Let the force be ¢:, and the couple ¢». 
Then it may be shown by a general proof that for a symmetrical 
machine with a symmetrical mounting, and with dV, = 0 


F, and = 


where F; is the maximum piston force, and e the distance of the 
center of gravity of the piston from the center of gravity of the 
machine, as before. This solution is obtained by minimizing 
V,, and is independent of either spring characteristics or loca- 
tion, as long as symmetry is observed. This does not mean, of 
course, that V, cannot be reduced by shifting the plane of 
attachment of the springs. It does mean that for any given 
location the minimum JV, is obtained by the relations expressed 
in Equations [32]. 


CoNCLUSION 


The method of balancing explained here has been used by the 
author for two or three years with a marked degree of success. 
The results obtained have been checked experimentally, and have 
shown a definite improvement over those obtained by less scien- 
tific methods. 

That there are distinct advantages in using such a method can 
scarcely be questioned, for there is sound philosophy behind 
reasoning that goes back as nearly as possible to human response 
for its measuring stick. Aside from this, there is definite power 
in the method of attack. Even the so-called “rigid mounted” 
machines may be treated by simply realizing that in this case 
the kinetic energy of the machine tends to vanish and the energy 
of the mounting is all that remains to be minimized. There is 
also the possibility of studying other variables than counter- 
weights, such as spring positions, and adjusting these to obtain 
optimum conditions by the same general procedure. 

Designers, by acquainting themselves with this method, will 
be able to approach their vibration problems with a new view- 


point and a powerful technique. It is reasonable to expect that 
this will, in time, bear its fruit—less vibration in machinery. 


Appendix 
THE ConstTANTS FOR HELICAL-SPRING DEFLECTIONS 


The expressions which follow are approximate, and apply only 
to helical springs of round wire. The approximations involved 
require that: 


(a) If ¢ is the angle of lead (radians), then ¢? is negligible 
compared to unity. 

(b) There is either an integral number of turns or else a suffi- 
cient number of turns so that a fractional number may be used 
in the formulas without appreciable error. Ordinarily, the for- 
mulas will be sufficiently accurate if the spring has eight or more 
active turns. 

(c) In the case of transverse constants, the displacement 
must be small. 


Notation: 


G = modulus of rigidity 

E = Young’s modulus 

J = polar moment of inertia of the wire cross-section 

I = plane moment of inertia of the wire cross-section about 
a diameter 

l = total length of wire in the active part of the spring 

R = radius of cylinder in which lies the helix formed by the 
center line of the wire 

h = active height of the spring 

n = number of active turns 


Formulas: 

GJ 
K, = in? [33] 

2EI 

l 3 h? + R? 
16 48 
GR? 
E 

K, = 9G R°K,. [36 ] 


where definitions of these constants are the same as given pre- 
viously. 
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Investigations of the Turbulent Mixing 


Regions Formed by Jets 


By ARNOLD M. KUETHE,' AKRON, OHIO 


The turbulent mixing of two jets of fluid of the same 
density is investigated theoretically by means of Prandtl’s 
theory of turbulence and the results compared with ex- 
periment. 

A solution obtained by Tollmien for the mixing region of 
a plane jet, in which he considers the fluid bounding the 
jet at rest, is extended to the general case of the mixing of 
two parallel streams of different velocities. Distributions 
of the tangential and normal velocities in the mixing re- 
gion are given. The solution is worked out for two differ- 
ent conditions imposed on the normal velocity at the 
boundary of the mixing region. 

Next, the turbulent mixing region surrounding an axi- 
ally symmetrical jet issuing into fluid at rest is considered. 
The problem is solved, as far as the core of potential flow 
extends, by the application of a new method of approxima- 
tion. The velocity field, as determined by a second ap- 
proximation to the velocity profiles, is given. An exten- 
sion of the method of solution, applicable to problems in 
which the velocity profiles differ widely, is mentioned. 

In the theory applied in this paper, the mixing length is 
assumed proportional to the breadth of the mixing region. 
The proportionality factor which is the only empirical 
quantity in the theory was experimentally evaluated. 
Velocity profiles in the mixing region of an axially sym- 
metrical jet were measured by means of a pitot tube and 
good agreement is found between theory and experiment. 

Measurements of velocity fluctuations in the core of po- 
tential flow near the jet mouth and in the mixing region 
at a distance of 9.3 diameters were made by means of the 
hot-wire anemometer. 


parallel streams of fluid of the same density moving af 

different velocities. Such cases occur often in practical 
applications of such streams, and it is of some importance to 
know at which rate the discontinuity between the two streams 
is ‘washed out,” and what is the magnitude of the thickness of 
the layer which is affected by the mixing. The boundaries of 
the open-jet wind tunnel and of the slipstream of a propeller 
are two examples to which the results of the present investiga- 
tion can be applied. 

Considering first a perfect fluid, it is well known that a surface 
of discontinuity in the velocity, though not in the pressure, may 
exist at the boundary separating the two streams. Helmholtz? 
first pointed out the possibility of the existence of this surface, 


‘te investigation deals with the turbulent mixing of two 


1 Research Fellow in Meteorology, Daniel Guggenheim Airship 
Institute. This work was carried out at the Guggenheim Aeronauti- 
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but proved it to be unstable,’ i.e., a slight disturbance will build 
up into a regular succession of vortices traveling along the sur- 
face. The vena contracta and the boundaries of the dead- 
water region behind a flat plate are examples which have been 
treated by Kirchhoff, Rayleigh, and others. 

The regular succession of vortices which are given off at the 
rim can be observed only below a certain velocity limit. As the 
velocity is increased the periodic vortex system is replaced by a 
turbulent mixing region. 

Turbulence, as distinct from those cases in which a regular 
succession of vortices is formed, is characterized by an irregular 
fluctuating motion superposed on a mean flow. These fluctua- 
tions give rise to a momentum transport between neighboring 
fluid regions and, as a result, “apparent stresses’’ will act be- 
tween these regions. If we consider a flow, the main component 
of which is in the z-direction, its magnitude being a function of 
y, the momentum transport will depend upon the velocity 
gradient and the most important apparent stress will be r,,. 
Prandtl‘ gives the expression 


i (=) | 
try = pl? | 


where p is the density of the fluid, u is the mean velocity, and 
l the “‘mixing length.” The length/ is analogous to the mean free 
path in the kinetic theory of gases and is proportional to the 
mean distance which a fluid mass will travel in the y-direction 
while retaining its initial momentum. Briefly, the mechanism is 
assumed to be the following: Fluid masses entering a constant 


re) 
velocity layer from opposite sides have z velocities u + / = and 
Ou 
u—l by’ respectively. Then, at this place, fluctuations in the 
z-direction about the mean velocity will be + . The result- 


ing y-component is assumed to be proportional’ to 1 2 the 


proportionality constant may be included in / since this quantity 
is not defined exactly. The mean value over the time of the 
product of these two velocity components and the density of the 
fluid gives the magnitude of the turbulent shearing stress. The 
sign of the product is chosen as in Equation [1] since the shearing 
stress must have the same sign as the velocity gradient. In 
cases of free turbulence, i.e., cases in which there are no confining 
walls, the very simple assumption that I is constant over any 


3 On the other hand, Ackeret (Helvetica Physica Acta I:V, p. 301, 
1928, published by E. Birkhauser & Co., Basilae, Switzerland) has 
shown that the surface is stable for hypersonic velocities. 

‘Bericht itiber Untersuchungen zur ausgebildeten Turbulenz,”’ 
by L. Prandtl, Zeit. fiir angewandte Mathematik und Mechanik, vol. 5, 
1925, p. 136. 

5 Th. von Karman (Nachrichten von der Gesellschaft der Wissen- 
schaften zu Géttingen, 1930) pointed out that this assumption im- 
plies a constant correlation between the fluctuation of the two con- 
sidered velocity components over the whole turbulent region. He 
showed that, assuming constant correlation, Equation [1] can be de- 
duced without the assumption of a special mechanism for the turbu- 
lent interchange. 
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cross-section and proportional to the breadth of the mixing 
region gives results in good agreement with practice. The pro- 
portionality constant must be evaluated empirically for each case. 

Tollmien® with the aid of Equation [1] solved the problem 
of the plane jet issuing into a medium at rest and also obtained 
a solution valid at great distances from an axially symmetrical 
jet. In these cases the mean motion is not exactly parallel; 
however, the shearing-stress component r,, is large in comparison 
with the other stress components and Equation [1] represents 
a good approximation for r,,. These solutions hold for a wide 
range of velocities and this is not surprising when we consider 
the strong discontinuity in the velocity at the rim of the jet. 
Very large velocity disturbances result and the completely tur- 
bulent state is realized at a comparatively low velocity. 

The object of the present work was to extend Tollmien’s 
results to other cases of practical importance. We treat, first, 
the two-dimensional problem and, second, that of the axially 
symmetric jet. 

2 Tue PLANE JET 


The arrangement, as shown in Fig. 1, in which m and 7 are 
the boundaries of the turbulent mixing region, finds practical 


= 


Uz 


Fic. 1 Scuematic DIAGRAM OF THE PLANE JET 


application both in the case of the open-jet wind tunnel and the 
propeller slipstream. The limit of its applicability, because of 
the finite diameter of the wind tunnel or the propeller, will be 
discussed in part 3. 

Tollmien’s solution for uw. = 0 is here extended to the case 
in which uz has any value from 0 to uw. In the boundary-layer 
theory we assume that no appreciable pressure difference exists 
normal to the main-flow direction, and, since the pressure in the 
jets outside the mixing region is constant, the pressure gradients 
can be completely neglected. Hence, we need consider only the 
first equation of motion, and this reduces to 


where v is the y component of the mean velocity and 7,, is 
given by Equation [1]. This equation, combined with the con- 
tinuity equation 


and suitable boundary conditions then describes the field of flow 
in the mixing region. 
We assume 


u = f(y/z) 
ie., that the breadth of the mixing region is proportional to z. 
Hence, the assumption that the mixing length is proportional 
to the breadth of the mixing region can be expressed as 

where c is an empirical constant. 

We obtain, from Equation [3], the stream function 

6 “Berechnung Turbulenter Ausbreitungsvorgiinge,” by W. Toll- 


mien, Zeit. fiir angewandte Mathematik und Mechanik, vol. 6, 1926, 
pp. 468-478. 


¥ = rF(y/z) 
and, consequently 


yp=—F+ 


Substituting Equations [1], [4], and [5] in Equation [2] leads 
to the ordinary differential equation 


where 


(2c?) x 
The solution to Equation [6] can be expressed in the following 
form: 


F(n') = dem" + dye"? cos + ‘= sin [7] 


where n’ = 7 — m, and dj, ds, and d; are constants. 

Four of the five boundary conditions necessary to determine 
the constants d,, dz, ds, m, and m2 as functions of the ratio of the 
two jet velocities are 


= uy, 


dy On’ 


at = m(n’ = 0) ou 


= Ue | 
at = m(n’ = m2’) du ou 


oy Or’ 

For the fifth boundary condition, Tollmien (for the case uw. = 0) 
chose v; = 0 at n’ = 0 and the present calculation was at first 
carried out retaining this condition. »; = 0 was chosen with a 
view to its applicability to the mixing region near the mouth 
of a closed, say a circular, jet. It was later pointed out by 
von Karman that for the plane boundary between two jets the 
condition 


is preferable. This corresponds to the assumption that no 
external forces are acting on the total fluid system perpendicular 
to the main flow. For 2 < 0,» = 0, m = 0, i.e., the two jets 
are exactly parallel. In the region x > 0, both are deflected. 
Equation [9] expresses the condition that the reactions of the 
two jets, corresponding to their deflection, perpendicular to z, 
are equal and opposite. 

Since all of the quantities in Equation [8] are functions of 
n2’, di, de, ds, i.e., neither m nor m2 enters explicitly, the four 
resulting equations determine these four quantities independent 
of the remaining boundary condition. Hence, neither the width 
of the wedge-shaped mixing region nor the u-velocity profiles 
are affected by the use of the condition uj; = ——u2r, instead of 
v,; = 0. The v-velocity profiles and m and m are affected an 
appreciable amount. 

In terms of the function F(n’), Equations [8] and [9] reduce 
to 


=u P'(m') = 
F'(0) =0 F"(m’') = 0 
m[—F(n2') + mF’(m’)] = FO) — mF’(0) 


where m = a For the boundary condition », = 0, it was 


1 
possible to solve for dj, de, ds, m, and m. Then, since only m 
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TABLE 1 
= 0 = 
m n’2 m ™ m mm 
0 —0.0062 0.987 0.577 —3.02 0.981 —2.040 0.981 —2.040 
0.1 —0.012 0.976 0.577 —2.773 0.962 —1.811 0.934 —1.839 
0.2 —0.020 0.960 0.577 —2.565 0.940 —1.625 0.905 —1.660 
0.4 —0.038 0.924 0.577 —2.190 0.885 —1.305 0.850 —1.340 
0.6 —0.067 0.866 0.577 —1.821 0.797 —1.024 0.783 —1.038 
0.8 —0.117 0.766 0.577 —1.380 0.647 —0.733 0.645 —0.735 
0.9 —0.159 0.682 0.577 —1.080 0.522 —0.558 0.523 —0. 557 
1.0 0.333 0.333 0.577 0 0 0 0 
and m2 change when ut; = —tt2 is used instead of », = 0, we 19 | 
can substitute in the last equation given, using the previously 
determined values for d;, d2, ds, and 72’. This equation and the oe | 
relation 2’ = m2 — m allow the determination of ; and 72 as 
functions of m. | 
Table 1 gives the quantities di, ds, m, m2, and m2’ for both T 
choices of the v-boundary condition as functions of m. In Fig. 2 = \ 
m, and m are plotted as functions of m. re | 
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It is seen that for m = 0 the mixing region is not symmetrical 
about the extension of the boundary initially separating the 
two jets, but, as m increases, the boundaries gradually approach 
a position symmetrical about this line. Fig. 3, in which u- 
velocity profiles for three values of m are plotted, shows clearly 
this transition. 

Velocity profiles can be plotted for any given m by the use of 
Table 1 and Equations [5] and [7]. It must be remembered, 
however, that the scale of y/z has been reduced by the factor 
Vv (2c*). 

To show the change in shape resulting from a change in m, 
two of the profiles of Fig. 3 are replotted, along with the limiting 
expression, in Fig. 4. 


Fic.5 DistriputTion oF THE NORMAL VELOCITY FOR THREE VALUES 
OF m u2 


The limiting expression is found by substituting the series 


expansions for the transcendental terms in the equation - = 

1 
F’(n’), suppressing all terms of order higher than m*. As is to 
be expected from the fact that the boundaries of the mixing 
region become symmetrical near m = 1, the limiting curve for 
m 1 is "symmetrical about the center line. This caleu- 
lation was carried out for the condition »; = 0, since in this case 
di, d,, ds were found as analytical functions of m. However, 
as m approaches unity, m and m for the two choices of the 
v-condition are nearly identical. Hence, we would expect the 
limiting profile to be independent of this choice. 

Measurements of the mean velocities in the mixing region at 
the boundary of the open-jet wind tunnel at Géttingen show 
good agreement with theory if the value ¢ = 0.0174 or ¥/(2c*) 
= 0.0845 is used. 

Tollmien carried out an investigation of the pressure difference 
existing between the center of the mixing region and the un- 
disturbed flow by substituting his results for u, v, 7,,(uz = 0) 
in the second equation of motion 


and determining p by integrating with respect to y. He found 
this difference in pressure to be 0.00482 ;: u;*, which, if taken 


into account in determining a second approximation, would not 
appreciably alter the stream lines. 
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3 THe AXIALLY SYMMETRICAL JET 


The case of the discharge of an axially symmetrical jet into 
fluid at rest occurs very frequently, especially in experimental 
arrangements. Tollmien’s solution for this case in which he 
considers the jet as issuing from a point holds very well for 
values of x greater than about eight diameters. However, if 
we wish to obtain a solution valid near the mouth of the jet, it 
appears to be impossible to transform the equation for the mean 
motion into a total differential equation. Accordingly, a method 
for obtaining an approximate solution was applied directly to the 
partial-differential equation. 


Fic. 6 SECTION OF THE FLow a CircuLaR NOZZLE 


We can form a qualitative picture of the flow from a considera- 
tion of the building up of the turbulent mixing region. This 
region, originating at the rim of the jet mouth, will form an 
annular ring enclosing a core of potential flow in which the 
velocity is constant and equal to the outflow velocity. At a 
point z = 2, this core will vanish and the entire jet then becomes 
a turbulent mixing region. A schematic longitudinal section of 
the flow is shown in Fig. 6. Region A consists of the annular 
mixing region surrounding the core of potential flow. In region 
B the ‘entire jet is a mixing region and the central velocity wo 
decreases as x increases. The velocity profiles and the x gradient 
of uo finally reach an asymptotic state as the fluid enters region 
C. In C, the central velocity is inversely proportional to the 
distance from some point near the jet mouth and all profiles are 
similar, i.e., plotting u/uo against y/b where y is the radial dis- 
tance of a point from the axis and b is the breadth of the jet, 
all points fall on a single curve. It is in this last region that 
Tollmien’s solution is valid. 

At the point z = 1, i.e., where the potential core vanishes, we 
can, for physical and mathematical reasons, expect considerable 
difficulty in finding a solution reasonably close to practice. 
Consequently, we will consider at first only region A. 

_ For the same reasons as in part 2, the pressure gradients are 
neglected and the equatioa for the mean motion is 


ou ou 10d 


The continuity equation is 


re) 


For region A we have the following boundary conditions: 


u=0 
aty =d ; aty=d+b ou 
oy 
v=0 


where d is the radius of the potential core, b is the breadth of the 
mixing region, and v = 0 at y = d is necessary, as for the plane 
jet for ug = 0, if the fundamental assumption that no pressure 


difference exists between the jet and the surrounding air is to be 
satisfied. 

At x = 0, y = 1 (taking the jet mouth to be of unit radius), 
Equation [10] reduces to the two-dimensional Equation [2], 
so that the limiting profile is that for m = 0 in Fig. 4. Then, 
as x increases, there must be a gradual transition from this 
profile to that obtained by Tollmien for large values of x. These 
two solutions are shown in Fig. 7. 

In both cases, the mixing length / was taken proportional to 
the breadth of the mixing region, but this is justified only when 
the profiles are similar. However, since the profiles do not differ 
markedly, we can, to a good approximation, again set 


{13} 


where the value of c is not the same as it was in part 2. Sub- 
stituting Equations [1] and [13] in Equation [10] we obtain 


To solve this differential equation approximately, we assume, 
as a first approximation, a reasonable velocity distribution in the 
mixing region. Then, by means of the differential equation we 
obtain a second approximation to the solution. 
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Fic. 7 CoMmMPpaARISON BETWEEN SOLUTIONS FOR = 0 AND 
LarGe. First APPROXIMATION TO ALL PROFILES IN REGION A 


We can consider u as a function of y, d, and b, where d and b 
are as yet undetermined. We assume, for simplicity, that u:, 
where here as in subsequent expressions the subscript refers to 
the order of the approximation, is a function only of 6, defined 
by the formula 


u, = f(0), where = ——........... {15] 


This assumption expresses the fact that the first approximation 
is made up of similar profiles. The dependence expressed by 
Equation [15] is in complete agreement with the results of part 2 
at the rim of the jet mouth when the origin of coordinates is 
transformed to that point. 

The simple expression’ 


[16] 
satisfies the boundary conditions of Equation [12] (3.3) and, as is 


7 The corresponding expression, 


y 3/2) 2 
was found by Miss Swain, Proceedings, Royal Society of London, 
105A, 1929, pp. 647-659; and Schlichting, Ingenieur Archiv, vol. 1, 


1930, p. 533, as a first approximation to the velocity profiles for the 
axially symmetric and the plane wind shadows, respectively. 
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shown in Fig. 7, is reasonably close to the limiting profile at 
xz = 0. It was, therefore, chosen as a first approximation to the 
profiles in region A. The corresponding value of ™, as deter- 
mined from Equation [11] is 


1 
yJa Or 


In the first approximation, Equation [16], the quantities d 
and b are stillunknown. The first attempt to find these parame- 
ters was made by means of the well-known momentum 
theorem. Multiplying both sides of Equation [14] by y and 
integrating with respect to y, we get 


d +b ‘ 
du 
uvy utydy = c*b* (>) [18] 


This relation is specialized for y = 0, corresponding to the axis 
of the jet. Then 


d+b 
u’ydy = constant 
0 


where the integral represents, to a factor of 27, the total momen- 
tum passing any section per second. This is set equal to the 
momentum issuing at the mouth of the jet. Secondly, we place 
y in Equation [18] equal to unity, corresponding to the point 
in the mixing region on the cylindrical extension of the jet 
mouth. We now substitute u = wu and v = v; from Equations 
[16] and [17] in Equation [19]. There result two relations 


{19} 


dd 
between b, d, yand | from which we can easily determine 


d 
de 
b and d as functions of z. This method of building up a first 
approximation is similar to one suggested by von Karman 
and applied by Pohlhausen® in the theory of the laminar boundary 
layer. 

To obtain a second approximation uw, we substitute the first 
approximation w, v; in the left side of Equation [18] and identify 
the right side with the second approximation. One integration 
then gives 


d+b Pa) d+b 


This expression is so constructed that the boundary conditions 


Ww = — = Oat y = d+ b are satisfied. Unfortunately, the 


second approximation had a strong deviation, amounting to from 
5 to 10 per cent, from u; at the inner boundary y = d of the 
mixing region of the first approximation. This behavior would 
have been very difficult to correct since it signifies an overlapping 
of the mixing regions for the two approximations. Accordingly 


- a method, suggested by Tollmien, was applied by which the 


coincidence of the boundaries of the two approximations was 
immediately insured. 

We shall delay, for the moment, the determination of the 
parameters b and d in the first approximation in order to develop 
a different and more convenient method for proceeding from w 
to uw. For this purpose we write Equation [14], the equation 
of motion, in the form 


ox du 
c Dy? Ou v (21] 
dy 


8 “Zur Integration der differentialgleichung der laminaren Grenz- 
schicht,’’ by K. Pohlhausen, Zeit. fiir angewandte Mathematik und 
Mechanik, vol. 1, 1921, pp. 252-268. 


Ou 
The denominator > causes no singularity at its vanishing 
points, since at these points _ vanishes with at least the same 


order. We now place uw in the right and w in the left side of 
Equation [21] and get for the second approximation 


d+b y be? 
oy 2b*c? Our y oy 
dy 
b+d | Oe Ou; 
=> v — 
d 2b2c? Ou; ra) wey 


where the integration limits are chosen so that = = Oaty = d, 


ue = Oaty =d+b. According to the idea already outlined the 
boundaries of both approximations shall coincide, i.e., the bound- 
Ou; 
d and — = — = 0 at 
oy 
= d + b shall be satisfied. Then, from Equations [22] and 
[23] 


ary conditions uy = w= laty = 


du: 
b+d 4 du; 
d Ou y oy 
oy 
b+d Or b%c? Ou, 
—v,— — — $ dydy =1 
lax our by 
We again assume that 
= 


Then the above conditions are transformed into 


1 ou 1 
1 f { wa + de = 0.. [24] 
1 
1 Vv, Ou, 1 


where 


Equations [16] and [17] are again used as a first approxima- 
tion. If these are substituted in Equations [24] and [25] the 
integrations can be carried out analytically and result in equa- 
tions cf the type 


+ d'fx(8) + fa(8) = 
+ d’fs(d) + fe(5) = 0 
Eliminating b’ and d’ successively gives 


= 


Oy 

9 

4 
| 
4 
4 
4 

d 1 dd 1 db i 

b c? dz c? dx 
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or 
dd _ 9:(8) _ , 4% 


db gi(8) 


Integration of this differential equation gives 


b f gidé 
log = eer 
0 gz— gid 


where }; is an integration constant. The indicated integration 
can be carried out graphically and we have 


28] 


In order to determine 6b as a function of x we first plot the 
first equation of [27] and Equation [28] and eliminate 6. Then, 


dx 1 
plotting c? =o against b/b; and integrating, we obtain 


b/bi cx, (29 


where the condition that b = 0 at x = O has been used. Further, 


Then, from 


cr d 
G (2) [30] 


Finally, by the condition d = 1 at x = 0, the integration con- 
stant b; is determined and we have both parameters in the form 


c*z 
from Equation [28] we get 6 as a function of b 


the relation d = 6b 


b= b(c*x) | 
31 
= d(c?x) (31 
\ 
---EXACT SOLUTION 
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Fig. 8 SEeconp APPROXIMATION TO PROFILES IN REGION A. Com- 


PARISON BETWEEN SECOND APPROXIMATION AND EXactT SOLUTION 
= 0 


The boundaries of the mixing region are now fixed and uw is 
calculated from Equation [23]. Fig. 8 shows two profiles 
(6 = 0.04 and 6 = ~) calculated in this manner. We know the 
limiting profile for 6 = ~ to be that for the plane jet for m = 0, 
where m is again the ratio of the outside velocity to the jet 
velocity. This profile is also plotted in Fig. 8 and we see that 
the agreement between the second approximation and the exact 
solution is very good indeed. . 

Fig. 9 shows the boundaries of the mixing region as given by 
Equation [31] and also the lines of constant velocity as derived 
from the profiles for various values of 6 At 6 = 0 the main 
correction term in ue vanished, having an infinite derivative at 
that point. The calculated profile was obviously considerably 
in error and consequently is not given here. 
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Since the momentum integral Equation [19] has not yet been 
used in this process, we can, by its use, determine how far we 
may consider the approximation good. The momentum for the 
profile at 6 = O was 12 per cent high while that for 6 = 0.04 
was still within 2 per cent of the correct value. This indicates 
that, in spite of the unfortunate behavior near 6 = 0 or c*z = 
0.0473, we can still describe, to a good approximation, the 
velocity field as far as 6 = 0.04 or c2x = 0.044, which is quite 
near to the end of the core of potential flow. 
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Fig. 9 shows that the lines of equal velocity are very nearly 
straight and we know that, for small values of x, they agree with 
those for the plane case. Furthermore, Fig. 8 shows that the 
divergence between profiles in region A is not large. 

We can then easily predict the approximate flow picture if 
the jet is issuing into a moving fluid, which is the problem 
analogous to that considered in part 2 for the plane jet. We 
know that the limiting conditions at the jet mouth will be those 
already found for the plane jet. For m = 0, the results of the 
foregoing analysis show that the change, both in the boundaries 
of the mixing region and the velocity profiles, is not large. This 
indicates that, for any m, the results of part 2 for the plane jet 
can be used to a first approximation as far as the core of potential 
flow extends. 

A refinement of the foregoing method was applied in region B. 
However, near the point where the core of potential flow vanishes, 
the results were not in accord with experiment. Since, at this 
point, the physical behavior is not clear, making the assumption 
for 1 very doubtful, no further attempt was made to describe the 
field of flow in this region. 

The refined method consisted essentially of introducing dis- 
similar profiles for the first approximation. Hence, u, must 
contain a “shape factor.’”’” For region A this proposal would 
lead, to an assumption 


In addition to b and d we must now determine p, the shape factor, 
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asafunction of z. To carry out this determination we must have 
three conditions, one more than was required by the preceding 
method. The momentum theorem Equation [19] applied to 
u, gives us this third condition. This is differentiated with 
respect to z and we have three simultaneous differential equa- 
tions to solve for b, d, and p. The method of solution is similar 
to that outlined for the preceding method. 

The utility of these methods is by no means restricted to 
the foregoing problem. The methods are equally useful for the 
solution of various problems in laminar as well as turbulent flow. 
It is necessary, of course, to know the approximate shape of the 
velocity profiles. Higher approximations can be found by re- 
peating the processes, though a considerable amount of caleula- 
tion is involved. 


CM 


Ka 


Fic. 10 LoneirupInaL oF EXPERIMENTAL ARRANGEMENT 
SHOWING THE MEASURING DEVICE IN POSITION 


Tollmien, by the method described in part 2, carried out an 
investigation of the pressure difference between the center of the 
mixing region and the undisturbed fluid for z large. This 


difference was found to be —0.00295 uo? where wo is the central 


velocity in the jet at the point considered. This quantity is 
again negligible in so far as its consideration would alter the 
mean stream lines. Since the case considered is intermediate 
between those considered by Tollmien, no investigation of the 
pressure difference was made. 


5. 


ah 


4 EXPERIMENTAL DETERMINATION OF C 


For the purpose of evaluating the empirical constant in the 
calculation of part 3, measurements were made of mean-velocity 
distributions in an axially symmetrical jet. 

The arrangement, a longitudinal section of which is shown in 
Fig. 10, was essentially an Eiffel-type wind tunnel, the observa- 
tion room being 140 X 188 X 188 em and the outlet tube 76 
em in diameter. This part of the apparatus with the motor 
and fan already existed, so it was necessary to use an entrance 
small enough to permit an exploration of the velocity field as 
far as the asymptotic region. 

A 10-em nozzle with fairing as shown in Fig. 10 was used. 
Air was drawn through the arrangement by a two-bladed fan 
driven by a 7.5-hp a-c motor, the speed of which was varied by 
varying the frequency of the current. With the outlet unob- 
structed, strong pulsations, backflow, and rotation of the stream 
were observed. The bell mouth B eliminated the pulsations 
and the cone C, supported by three symmetrically placed guide- 
vanes, and the annular ring D eliminated the greater part of the 
backflow and rotation. In order to obtain a uniform velocity 
distribution across the inlet, it was necessary that the nozzle 
have a cylindrical section at least 0.3 diameter in length. 

A two-way traversing mechanism carried the measuring de- 
vice. By bolting the device in positions I, II, and III successively 
it was possible to obtain a longitudinal traverse of 9.3 diameters, 
which, along with a lateral motion of 27 cm, was sufficient for 
the investigation. 

Lateral traverses were made with a pitot tube at distances 
from 3 to 9.3 diameters from the jet mouth, the inflow velocity 
being maintained at 26.5 meters per sec. Because of the high 
velocity gradient and large fluctuations about the mean velocity, 
measurements at distances less than three diameters could not be 
relied upon. However, Tollmien checked his results for the 
plane jet by comparison with measurements’ made in Géttingen 
at the boundary of the jet, one-half diameter from the mouth 
of an open-jet wind tunnel 2.24 m in diameter. At that dis- 


* Géttingen Ergebnisse, II Lief., 1923, pp. 69-73, R. Oldenbourg, 
Munich. 
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tance the mixing region was wide enough so that this diffi- 
culty was not encountered. Those measurements showed very 
good agreement between theory and experiment for a value 
of ¢ very close to the one used here. Hence, for the present pur- 
pose, the velocity field for distances up to three diameters from 
the mouth could be interpolated very closely. The lines of 
equal velocity are shown in Fig. 11, in which, for convenience in 
carrying over the theoretical results, the radial distance is 
measured in radii while the longitudinal is measured in diameters. 

The dotted lines in Fig. 11 show the agreement between the 
theory of part 2 and experiment for c? = 0.00496, i.e., c = 0.0705. 
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Fig. 12 ExprerRIMENTAL Prorites aT Various Distances From 
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Vevocity Axis 


Fig. 12 shows profiles at 0, 2, 4, 6, 8, and 9 diameters. The 
ordinates in this figure are displaced 0.2 along the velocity axis 
for each diameter from the mouth. 

Fig. 13 shows the scatter of the experimental points and their 
agreement with the theoretical curve at z = 4.44 diameters, which 
is the last point for which the theory is given. Aside from a 
small systematic difference near the center of the jet the agree- 
ment is quite good. This difference is in the direction indicated 
by the fact that the momentum calculated from the theoretical 
profile was 2 per cent low. In Fig. 14 the experimental points 
are plotted along with Tollmien’s solution for large values of zx. 
There is again a very small systematic difterence near the center. 

Since the completion of this work an experimental investiga- 
tion similar to that cited has been reported by Ruden.'® The 


10 Naturwissenschaften, 21:23, pp. 373-378, May, 1933, Julius 
Springer, Berlin. 
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agreement between the two, in so far as the data given allow, is as 
good as can be expected. The two arrangements may not be 
quite comparable and this would preclude the possibility of 
accurate agreement. 


5 Vevocrry FLucruation MEASUREMENTS 
The foundations of the theory applied to this problem contain 
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Fic. 13° Comparison BETWEEN THEORETICAL PRoFILE AND Ex- 

PERIMENTAL Points aT x = 4.44 Diameters, Wuicu Is THE Last 

Point ror Wuicu THE THeEorY Is Given. VerticaL LINES REPRE- 
SENT BOUNDARIES OF THE MIXING REGION 
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Fic. 14 Comparison BeTweEeNn ToLLMIEN’s THEORETICAL PROFILE 
FOR x LARGE AND THE EXPERIMENTAL POINTS AT x = 9.3 DIAMETERS 
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Fic. 16 LATERAL TRAVERSE IN THE MIxING REGION OF THE JET AT 
z = 9.3 DIAMETERS 


the assumption that there are no velocity fluctuations in the core 
of potential flow. This was investigated"! by means of the hot- 


11 F, L. Wattendorf and A. M. Kuethe, Physics, vol. 5, no. 6, pp. 
153-165, June, 1934. For details of the apparatus, the reader is re- 
ferred to this paper. 
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wire anemometer and auxiliary apparatus developed by F. L. 
Wattendorf and the author. 

The fluctuations in the velocity of air passing an electrically 
heated platinum wire (the wire used was 0.0005 in. diam, and 
3 mm long) cause a fluctuation in the temperature of the wire. 
The consequent fluctuations in voltage drop across the wire 
(the current is kept at an approximately constant value) are 
impressed across the input of a five-stage amplifier containing a 
circuit which compensates for the lag in amplitude of the re- 
sponse of the hot wire due to the relatively high frequency 
(frequencies from 40 to 500 cycles per sec are reproduced with 
small relative error) of the air-speed fluctuations. ; 

By means of calibration curves of the hot wire and the amplifier 
plus compensation, the mean-square value of the output, as 
measured on a thermogalvanometer, is converted into percentage 
fluctuations in velocity where u’ is the z component of the 
fluctuations. 

V (w’?) 

Fig. 15 shows roe at the center of the jet as a function 
of the distance from the jet mouth. Two lateral traverses across 
the potential core are also shown. In the mixing region sur- 
rounding the potential core the velocity fluctuations were very 
high (on the order of 50 to 100 per cent of the mean velocity) 
and the results were erratic. The mean jet velocity was again 
26.5 meters per sec. The hump in the longitudinal traverse at 
x = 3 diameters was also present at a velocity of 20 meters per 
sec. 

The relatively high fluctuations in the region of potential flow 
probably originate in the surrounding mixing region. In the 


experiments described in reference 11, an analogous phe- 
nomenon was observed in the region of potential flow between 
two boundary layers in a channel. Since the velocity gradient 
is zero, precluding any possibility of the existence of a shearing 
stress, the fluctuations in both cases must be purely random in 
character. 

Measurements of the velocity fluctuations were made at 


x = 9.3 diameters. Fig. 16 shows the distribution of Vw") and 
u 


V 
Uo 


the velocity profile (Fig. 15). 

A complete study of the fluctuations in the jet was not made. 
The magnitude of the fluctuations is so high that the response of 
the hot wire may be in error by a considerable amount. The 
problem is further complicated by the fact that the velocity 


u 


where the latter is derived from the former by means of 


fluctuations calculated from hot-wire results represent 


only when wu’ is small compared with u."! 
When the fluctuations become large, the measured value may 
be seriously affected by the v’ and w’ components. 
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The Temperature History During the 
Constant-Rate Heating of a Solid 
Circular Cylinder 


By ALBERT B. NEWMAN! anv AUSTIN H. CHURCH,? NEW YORK, N. Y. 


The authors present a solution of the partial-differential 
equation for heat conduction in a solid circular cylinder 
for the condition where the heat is forced into the cylindri- 
cal surface at a constant rate. A mathematical analysis 
is made of the temperature-history curve at the heated 
face and at the axis of the cylinder and the results are re- 
duced to tabular and graphical form for practica! applica- 
tion. 


OLUTIONS of the partial-differential equation for heat 
conduction are available for cases of solid circular cylinders 
in which the cylinder is initially at a known uniform tem- 

perature and the cylindrical surface is either suddenly heated to 
a higher known temperature and maintained at that tempera- 
ture or is placed in a fluid of known temperature under conditions 
such that the fluid temperature remains constant. These solu- 
tions enable one to trace the temperature-history curve for the 
axis or for any cylindrical distance from the axis; or the tem- 
perature distribution at any instant can be calculated and 
plotted. The tabulated values of these solutions have been 
plotted by Gurney and Lurie* and have been reproduced in 
several books.‘ 

An important case for which no solution has been published, 
as far as the authors are aware, is that in which heat is forced into 
the cylindrical surface at a constant rate, such as might be ap- 
proximately accomplished by electrical heating or by the appli- 
cation of a constant frictional force. Frequently, it is desirable 
to predict the temperature-history curve at the heated face and 
at the axis, and it is the purpose of this paper to present a mathe- 
matical analysis of this case and to reduce the results to tables 
and curves which can be used with ease in practical work. The 
analogous case for slab heating has been published recently by 
Newman.® 


NOMENCLATURE 
K = thermal conductivity, Btu per ft per sq ft per hr per deg 
C = specific heat, Btu per lb per deg 


p = density, lb per cu ft 


1 Professor of Chemical Engineering, Cooper Union. 

2 Instructor, Cooper Union. Assoc-Mem. A.S.M.E. 

3 “Charts for Estimating Temperature Distribution in Heating or 
Cooling Solid Shapes,’’ by Gurney and Lurie, Industrial and Engineer- 
tng Chemistry, vol. 15, 1923, p. 1170. 

4 “Industrial Furnaces,’’ by W. Trinks, vol. 1. 
John Wiley and Sons, New York, 1926, p. 322. 

“Fuels and Their Combustion,” by R. T. Haslam and R. P. Rus- 
sel, McGraw-Hill Book Company, New York, 1926, p. 768. 

“Heat Transmission,’ by W. H. McAdams, McGraw-Hill Book 
Company, New York, 1933, p. 33. 

“Chemical Engineers’ Handbook,’’ McGraw-Hill Book Company, 
New York, 1934, p. 840. 

5 “The Temperature-Time Relations Resulting From the Electric 
Heating of the Face of a Slab,’”’ by Albert B. Newman, Trans. 
A.I.Ch.E., vol. 30, 1934, p. 598. 

Discussion of this paper should be addressee to the Secretary, 
A.S.M.E., 29 West 39th Street, N. Y., and will be accepted until 
November 11, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Second edition, 


k = K/Cp = thermal diffusivity, sq ft per hr 
6 = time from the beginning of heating, hr 
6; = time at end of heating period 
q = constant rate of heat input, Btu per sq ft per hr 
r = distance from axis, ft 
a = total radius of cylinder, ft 
¢ = temperature in deg F, varying with r and @ 
to = initial uniform temperature 
P = ké/a* = a dimensionless ratio; P; = k@,/a? 


Bessel functions of x 


[1-2 + | 


and 


—J (x) = ds 224 22426 


The B-function of r/a and P 


AD» 


in which 8, is defined by J:(8,) = 0. 


GENERAL ConpDITIONS OF THE PROBLEM 


It is assumed that the cylinder is homogeneous and isotropic 
and that heat is being actually driven into the surface of the 
cylinder at the constant rate specified, no allowance being made 
for the heat capacity of the heating element, for heat leakage out- 
ward from the heating element or toward the ends of the cylin- 
der. This latter condition implies that the ends of the cylinder 
are heat-insulated or that the cylinder is so long in comparison 
with its radius that axial heat flow is negligible. It is assumed 
that there is no surface resistance between the heating element 
and the surface of the cylinder. 


Tue INTEGRATED EQuaTION 


The integrated equation must satisfy all of the following five 
conditions: 
ot 

(2) (Ort Or 
This is the partial-differential equation of heat conduction in 
cylindrical coordinates, for strictly radial heat flow. 

(b) t — t) = 0 when 6 = 0. This equation merely states 
that the initial temperature at all points in the cylinder is to. 

(c) Oot/Or = q/K atr =a. At the heated surface, a constant 
rate of heating results in a constant temperature gradient, and the 
gradient is proportional to the heating rate but inversely pro- 
portional to the thermal conductivity. 

(d) ot/or =Oatr =0. At the axis, heat is coming in equally 
from all radial directions; therefore, no heat crosses the axis and 
there is no temperature gradient at the axis. 
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1 a 
(e) a f (t — t))Cordr = q9. The integrated value of the 
0 


heat content of the cylinder above ¢) at any time must equal the 
total heat input up to that time. 


An equation, all of the terms of which are dimensionless, and 
which satisfies all of these requirements is 


1 
qa 2\a 4 


In this equation, 6, is defined by J,(8) = 0. In explanation, it 
may be said that if one solves the J;(x) equation by substituting 
various values of x, and then plots J;(x) as ordinate against x as 
abscissa, a curve is obtained which resembles a sine curve, cross- 
ing the z-axis periodically. The value of z at the first, second, and 
third crossings, etc., are 81, 82, and 83, etc. The first fifty values 
of 8 with the corresponding values of J) (8) are tabulated by 
Gray, Mathews, and MacRobert.® 

Any one with a sufficient knowledge of the calculus to differen- 
tiate and integrate can test the validity of Equation [1] by solv- 
ing it for t — t, differentiating once with respect to @ and twice 
with respect to r, and substituting the values so obtained in the 
equations expressing the first four conditions. Condition (e) 
is verified by substituting the value of ¢ — t) under the integral 
and performing the integration. It is necessary to know the 
following properties of these Bessel functions in order to carry 
out the above operations. 

For condition (a) 


ra) 
[Jo(3,,r a)| = — = ) [2] 


fa)) = 2 3 
i(3,7/a) = o(8,7/a) — = « i( a) wee [3] 


For condition (b) 


B(r/a; 0) = 2 pa )- 


For condition (e) 


INTEGRATED EQUATION FOR THE EQUALIZING PERIOD 


If the constant-rate heating is suddenly discontinued, at @ = (1, 
and if no heat is allowed to escape from the cylindrical sur- 
face, the temperature at the axis will continue to rise and that 
at the surface will fall. Eventually, the temperature will be- 
come equalized throughout the cylinder. The temperature his- 
tory at the surface and at the axis during this period may be 
traced by means of the equation 


(t — t)K/qa = 2P, + B(r/a; P — P,:) — B(r/a; P).... [6] 
When 6 = 6, P = P; and Equation [6] must reduce to Equation 


{1]. This can be shown to be true by the aid of Equation [4]. 
When @ = 


(t ovens to) K /qa = 2P, 
showing the final equalizing of temperature, independent of r. 


6A Treatise on Bessel Functions,’’ by Gray, Mathews, and Mac- 
Robert. Second edition, Macmillan & Co., London, 1922, p. 301. 


NUMERICAL SOLUTION OF THE INTEGRATED EQUATION 


All of the variables in the integrated equation are contained in 
the three dimensionless groups: (¢ — t)K/qa; r/a; and P. 
Each one of these groups may be treated as a variable and the 
equation may be handled as one of three variables. If one is 
interested in the temperature history of the heated surface 
(r = a), he may substitute r/a = 1 and obtain an equation in 
two variables. Obviously a curve may be plotted for such a 
case. If interested in the temperature history of the axis, the 
value r/a = 0 can be substituted, and another curve may be 
plotted for the other two variables. Table 1 gives the values of 
B(r/a; P) for r/a = 0 and 1. The values of (¢ — t)K/ga for a 
series of values of P for the cases r/a = 0 and r/a = 1 have been 
calculated by using Table 1 and are given in Table 2. For cer- 
tain terminal values, it is convenient to know that 


1 1 
B(1; 0) = 2 > — =-; B(0; 0) =2 


8,2 4 o(8,) 4 
n=1 n=1 


For values of P equal to or greater than unity, the value of the 
series in the equation becomes negligible, and (t — &)K/qa = 
2P = 1/4 for r/a = 0 or 1. The authors have not computed 
values for r/a other than 0 and 1. _ If desired, however, values for 
intermediate radii can be computed by the same methods. 


TABLE 1 VALUES OF B(r/a;P) FOR r/a = 0 AND 1 


—B(O; P) B(1 ; P) 
0.0 0.25000 0.25000 
0.005 0.24028 0.17760 
0.01 0.23000 0.15055 
0.02 0.20999 0.11954 
0.03 0.19003 0.09790 
0.04 0.17028 0.08171 
0.05 0.15120 0.06896 
0.06 0.13325 0.05866 
0.07 0.11670 0.05005 
0.08 0.10188 0.04288 
0.09 0.08862 0.03683 
0.10 0.07691 0.03167 
0.12 0.05771 0.02350 
0.14 0.04317 0.01748 
0.16 0.03223 0.01302 
0.18 0.02405 0.00970 
0.20 0.01794 0.00723 
0.25 0.00861 0.00347 
0.30 0.00413 0.00166 
0.35 0.00198 0.00080 
0.40 0.00095 0.00038 
0.45 0.00046 0.00018 
0.50 0.00022 0.00009 
1.00 0.00000 0.00000 


r/a =0 r/a=1 
0.000 0.000000 0 
0.005 0.000000 0.082397 
0.010 0.000000 0.118140 
0.020 0.000001 0.170459 
0.030 0.000027 0.212103 
0.040 0. 281 0.248292 
0.050 0.001200 0.281042 
0.060 0.003250 0.311340 
0.070 0.006704 0.339947 
0.080 0.011876 0.367116 
0.090 0.018621 0.393174 
0.100 0.026913 0.418326 
0.120 0.047715 0.466496 
0.140 0.073166 0.512518 
0.160 0.102234 0.556981 
0.180 0.134051 0.600300 
0.200 0. 167938 0.642770 
0.250 0.258612 0.746531 
0.300 0.354133 0.848336 
0.350 0.451984 0.949201 
0.400 0.550952 1.049617 
0.450 0.650457 1.149816 
0.500 0.750219 1.249923 
1.000 2.250000 


In order to construct a table for the values of (¢ — t))K/ga for 
Equation [6], one must first select a value for P;. Ordinarily 
this value of P; is fixed approximately by the conditions of the 
practical problem, which will dictate a maximum value for the 
ratio of maximum temperature rise at the surface to the accom- 
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plished temperature rise at the axis. This ratio is plotted against 
P, in Fig. 1. In constructing this curve, the accomplished tem- 
perature rise at the axis is taken as the value of t — to in (t — to) 
K/qa = 2P,, implying the final temperature rise attained at com- 
plete equalization. Theoretically, this condition is not attained 
at finite times and in any practical case the value of P; selected 
will be based upon a somewhat lower temperature-rise ratio than 
the allowable maximum. 


NvuMERICAL EXAMPLE 


A long solid cylinder of composition material 5/1. in. diam, ini- 
tially at the uniform temperature 70 F, is to be heated electrically 
all along its surface using a constant rate of heat input. The 
axis must be heated to 155 F, but the surface temperature must 
not exceed 255 F. 

It is required to estimate the rate of heat input, to plot tem- 
perature-history curves for surface and axis, and to estimate 
the time of heating and the time elapsed before the axis reaches 
the required temperature. 


Data: 


K = 0.092 Btu per sq ft per hr per deg F 
k = 0.0029 sq ft per hr 
a = 0.013 ft 


Solution: 


Maximum rise at surface = 255 F — 70 F = 185 F 
Required rise at axis = 155 F— 70 F = 85F 
Ratio = 185/85 = 2.18 

Selecting a somewhat lower ratio = 2.10 


Fig. 1 gives P; = 0.1 = ké,/a*. Substituting known values of 
k and a*, 6, = (0.1)(0.013)?/0.0029 = 0.00583 hr or 21 sec. 

Aé the heated surface (t — t.)K/qa = 0.418 at the end of the 
heating period (P; = 0.1), from Table 2. Substituting known 
values, g = (185)(0.092)/(0.013)(0.418) = 3130 Btu per sq ft 
per hr = heating rate. 

Fig. 2 was constructed from the data of this example, by using 
Tables 1 and 2. The upper and lower curves represent the tem- 
perature rise at the surface and at the axis, respectively. It is 
seen that the required rise at the axis (85 deg) is reached at 0 = 
78 sec. 
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RATIO MAXIMUM FACE TEMP TO REQUIRED CENTER TEMP 
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Fig. 1 Vatues or P; or k 6;/a? ror Vartous Ratios or 
TEMPERATURE RISE AT THE SURFACE TO ACCOMPLISHED TEMPERA- 
TURE RISE AT THE AXIS OF SOLID CrrcULAR CYLINDERS 
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Fic. 2 AT THE SuRFACE (UpPER CURVE) AND AT 
THE Axis (LOWER CURVE) OF A SouLip CrrcULAR CYLINDER DuRING 
ConsTaNnt-RATE HEATING 


Summary: 
b Rate of heat input = 3130 Btu per sq ft per hr, or 75 watts per 
running ft. 

Heating time = 21 sec. 


Total elapsed time for center to reach required temperature = 
78 sec. 
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An Application of the Interferometer Strain 
Gage in Photoelasticity 


By R. W. VOSE,! CAMBRIDGE, MASS. 


This paper was written at the suggestion of Mr. Mieth 
Maeser,? in response to numerous inquiries concerning 
the methods of photoelastic analysis in use at the Massa- 
chusetts Institute of Technology. 

By the use of any of the usual photoelastic methods the 
difference of the principal stresses and their direction at 
any point in a suitable loaded specimen are determined, 
and through a knowledge of Poisson’s ratio their sum is 
obtained (and a solution made possible) by a measure- 
ment of the lateral deformation of the specimen by means 
of an interferometer strain gage. This instrument, to- 
gether with its accessories and their use, is illustrated and 
described in the paper. Examples of the problems solved 
by the use of the instrument show its accuracy and the 
consistency of the results obtained by the method. 


NDER the general name of photoelasticity the change 

in the index of refraction with change of the stress in 

certain transparent materials is utilized in determining 
the distribution of the stress in loaded specimens. A number of 
different methods of carrying out this type of determination 
are in use, each with its advantages and limitations. 

The most direct method consists of determining the actual 
change of the index of refraction of the specimen (or the accom- 
panying retardation of plane polarized light) along the two planes 
of principal stress at any point. For this determination Favre? 
uses a Mach-Zehnder interferometer, while Solakian‘ utilizes the 
two surfaces of the specimen itself for an interferometer as sug- 
gested by Fabry. 

A second general method determines only the relative retarda- 
tion of the light along the two principal planes, and hence the 
difference of the two principal stresses, by means of the inter- 
ference pattern produced when the beams of plane polarized 
light from the two principal planes are analyzed in a common 
plane by means of a Nicol prism. Except at a free physical 
boundary of the specimen where one of the principal stresses is 
necessarily zero, additional means must be employed to determine 
the individual stresses. For this there are available the graphical- 
integration method of Filon,’ an improved graphical method re- 
cently presented by Neuber,* the membrane analogy of Den 


1 Instructor in Materials Testing and Photoelasticity, Massa- 
chusetts Institute of Technology, Cambridge, Mass. Jun. A.S.M.E. 

2? Formerly instructor in charge of photoelasticity, Massa- 
chusetts Institute of Technology, and now with the United Shoe Ma- 
chinery Corp., Beverly, Mass. 

3“*New Developments in Photoelasticity,” by A. G. Solakian, 
Journal of the Optical Society of America, vol. 22, no. 5, May, 1932. 

4 Discussion by A. G. Solakian, of paper on ‘Studies in Photo- 
elastic Stress Determination,” by E. E. Weibel, Trans. A.S.M.E., 
vol. 56, 1934, paper APM-56-13, p. 652. 

’“On the Graphical Determination of Stress From Photoelastic 
Observations,”’ by L. N. G. Filon, Engineering, London, Oct., 1923. 

*“‘New Method of Deriving Stresses Graphically From Photo- 
elastic Observation,” by A. Neuber, Proceedings Royal Society of 
London, A, vol. 141, 1933, p. 314. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 


. cepted until November 11, 1935, for publication at a later date. 


Nore: Statements and opinions advanced in papers are to be 


understood as individual expression of their authors, and not those of © 


the Society. 


Hartog? (all of which depend on fre2-boundary conditions), and the 
lateral-deformation methods of Frocht® and of Coker,? which are 
independent of boundary or other surrounding conditions. 

For several years Filon’s graphical-integration method has 
been used at the Massachusetts Institute of Technology, but the 
results obtained apparently have not been of the desired order of 
accuracy, and in addition the method could only be applied to 
cases in which good free-boundary conditions prevailed. These 
limitations led Mr. Maeser,? then in charge of photoelasticity, 
to suggest in the spring of 1933 that a sensitive lateral-strain 
gage should be devised for carrying out Coker’s method. Ac- 
cordingly, in October of 1933 the author built the interferometer 
strain gage described in the following paragraphs, and assisted in 
its experimental use on several specimens. 


INTERFEROMETER STRAIN GAGE 


The strain gage is shown in Fig. 1 and the method of applying it 
in Fig. 2. At A are two rounded contact points held in contact 
with the specimen by the spring B. Any relative motion of the 
contacts is transmitted through the levers C which are pivoted at 
D by a crossed-plate fulcrum to a pair of small optical flats which 
form the interferometer at E. Three spring-opposed screws carry 
the mounting of one of the flats so that the parallelism and sepa- 
ration of the pair may be adjusted. 

Mounting the strain gage is accomplished by supporting its 
weight on a string tied around the plate fulerum and depending 
on the friction of the contacts with the specimen to retain its 
position, as shown in Fig. 2. This seemingly crude mounting 
has the advantage of easy adjustment and absolute freedom 
from the restraining forces accompanying a rigid mounting. 

Since the interferometer flats measure their change of separa- 
tion in terms of the wave length of light, which is in itself a 
standard of length, the only calibration of the instrument is that 
of its lever ratio. This is easily determined by direct measure- 
ment of the lever arms, and since these are 3 in. long an accuracy 
of better than 1 per cent may be obtained by use of a steel rule, or 
closer results by a measuring microscope. The fiducial point of 
the interferometer system is a set of cross “hairs” etched on the 
surface of one of the flats, and the measurement of the levers is 
taken to this point. A multiplication of unity has been found 
satisfactory for use on specimens from '/, in. to '/2 in. in thick- 
ness. 


OpticaL SystEM 


Interference fringes or bands may be observed very simply by 
placing two optical flats nearly in contact, as is done in optics shop 
practice. This type of fringe, similar to Newton’s rings, becomes 
useful for accurate quantitative work only when observed with 
monochromatic light through a low-power microscope or tele- 
scope. 

The green line of the mercury arc as isolated by a Wratten 


Membrane Analogy Supplementing Photoelasticity,’”’ by 
J. G. McGivern and H. L. Supper, Trans. A.S.M.E., vol. 56, 1934, 
paper APM-56-9, p. 601. 

8 “On the Application of Interference Fringes to Stress Analysis,” 
by M. M. Frocht, Journal of the Franklin Institute, July, 1933. 

® “Photoelasticity,’”’ by E.G. Coker and L. N. G. Filon, Cambridge 
University Press, 1931. 
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Fic. 1 INTERFEROMETER STRAIN GAGE 


No. 62 filter gives a convenient and brilliant source of mono- 
chromatic light with a wave length of 5461 A, anda corresponding 
band spacing of 0.00001075 in. This line is near the point of 
maximum sensitivity of the human eye, and an observer can 
count several thousand fringes per day without undue fatigue. 

If the flats of the interferometer be illuminated by reflection 
from a plain glass mirror and observed through the mirror, as is 
shown in Fig. 2, a pattern of dark and light bands will be seen 
on the flats if the latter be adjusted so that there is a small air gap 
between them. These bands are due to the periodic changes in 
phase relationship between the light reflected from the front flat 
and that from the back flat as the air gap changes. This latter 
change in the air gap may be due either to a change in position 
over the flats, resulting in bands showing a contour map of the 
air-gap thickness, or to a change in separation of the flats, result- 
ing in a movement of the set of contour bands across the flats. 
A count of the number of bands which pass a given point on the 
flats will thus indicate the change in the air-gap thickness at this 
point produced by a relative change in separation of the flats. 
Numerically this change will be equal to one-half the product of 
the number of bands counted, by the wave length of the light 
used. 

Even with unfavorable conditions, fractions can be estimated to 
one-fifth of a band, or two millionths of an inch, and the author has 
made determinations with a similar strain gage in which the cal- 
culated probable error of a single setting on the center of a band 
was 0.009 band, or less than one ten-millionth of an inch. 
It will be noticed that the mea- 
surements are obtained without 
physical contact of the moving 
members at the measuring point, 
and hence the only possibility of 
friction or hysteresis comes in the 
flexing of the contact spring B and 
the plate fulcrum D, and is entirely 
negligible. With the usual photo- 
elastic materials, however, this high 
sensitivity cannot be fully utilized 
because of plastic and thermal 
creep in the material. 

Meruop oF UsE 

The difference of the principal 
stresses at any point in a loaded 
specimen may be determined by 
any of the usual photoelastic 
methods, such as the use of Coker’s 
compensator,® or the comparison 
of fringes with those of a specimen 
of known stress. 

To determine the sum of the 
principal stresses the strain gage 
is attached to the specimen at the 
point in question and the lateral 


deformation measured by counting the interferometer bands as 
the specimen is slowly loaded or unloaded. The solution is made 
from these readings by the use of Poisson’s ratio and Young’s 
modulus for the material. These latter properties, or more con- 
veniently their product as a single constant, are usually deter- 
mined on the compensator or comparator member used in the 
photoelastic work. 

With the foregoing determinations of the sums and differences at 
points throughout the specimen the individual stresses may be 
separated by algebraic solution and the results plotted or tabu- 
lated. 


ACCURACY 


The accuracy of the method may be best illustrated by actual 
figures obtained in the calibration of a tension specimen. Here 
one photoelastic fringe used in determining the difference of the 
principal stresses was found to be equivalent to 90.4 lb per in., 
while the corresponding strain-gage interference fringe used in 
determining the sum of the principal stresses was equivalent to 
18.46 lb per in. Thus the sensitivity of the strain gage is five 
times that of the photoelasticity apparatus, and in use is better 
adapted to the estimation of tenths. In addition, this calibra- 
tion of 18.46 lb per in. was obtained with a calculated probable 
error of 0.06 per cent, which illustrates the accuracy with which 
the strain gage will repeat its indications. 

In addition to the foregoing illustrations of instrumental ac- 
curacy, it is to be emphasized that the stress determination at any 
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given point in a specimen is independent of that made at any 3.0 —> 
other point, so that small errors are not cumulative from point La 
to point. A final plot of independent observations on consecutive 
points across a specimen gives an opportunity for “fairing” the 6 
curve and eliminating any accidental errors if such are found. € 
Vv 
LimITaTIONS 
VY 
To date the method outlined has been found applicable to all 3 
cases of plane stress. However, most plane models are con- £ 
structed of material of considerable thickness in order to amplify in 
the photoelastic effect, and in many cases the stress gradients are 18 i 
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so large that a third dimensional restriction of deformation is ¢ of Specimen a 
apparent. . Furthermore, if a boundary of the specimen is loaded ; 1 
(as in example 2, following) there is a further restriction of lateral 
deformation by the loading piece which is of detectable magnitude STRESSES OW PLANE OF 
for a distance from the edge equal to one-half the thickness of TEST SECTION Norma! 
the specimen, but is of importance for only a small fraction of this 
distance. While the lateral-deformation method particularly Shear 
Stress 
shows up these departures from the theoretical case because it ) 
measures them fairly directly, all other methods of photoelastic ra 
analysis are vitiated to an equal degree. oT -- 
The errors here outlined are particularly prevalent at the 4000 3000 2000 1000 
boundaries of a specimen and, hence, any method of analysis Compression 
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through the entire work. In contrast with this the lateral- 
deformation method gives accurate, independent results through 
the body of a specimen, and can be extrapolated to the extreme 
edge with fair accuracy. 


Ease OF SOLUTION 


While the amount of experimental work required in the ap- 
plication of this method may seem large, the desired results follow 
almost immediately from the experimental values without labo- 
rious calculations, graphical constructions, or auxiliary model 
making. In example 2, following, the entire problem was 
handled in about one day by a single observer. Attention may be 
concentrated on a few points of interest, in particular problems, 
and readings taken only at critical locations without covering 
areas of low stress. 


EXAMPLES 


Example 1. In Fig. 2 is shown a plate specimen with a central 
hole, which was investigated by the present method. The results 
were furnished by Mr. Maeser, and include the distribution of 
horizontal and vertical stresses on the cross-section at the hole 
as compared with theoretical values (Fig. 3) and the variation 
of the maximum stress with variations in the size of the hole 
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(Fig. 4). This latter variation is due to a third-dimensional 
effect, since with a very small hole the stress distribution de- 
parts from that due to plane stress. 

Example 2. Fig. 5 shows the photoelastic fringe distribution 
in a block of bakelite '/2 in. X 1'/2 in. subjected to shear by 
the holders which are shown in silhouette. The stress dis- 
tribution in this specimen is particularly difficult to determine 
by any method dependent on boundary stresses, since most of 
the boundary is restrained in an unknown manner. By the 
lateral-deformation method the principal stresses across the sec- 
tion of shear were determined, and from these and the usual 
isoclinics the normal and shearing stresses on the plane of the 
section were calculated. The results are shown in Fig. 6, and 
illustrate the uncertainty of the boundary conditions. As a 
check on the work the total shear on the section was found to 
differ from the applied load by less than 5 per cent. 
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Recent Research Work in Vibration 
and Sound 


By J. ORMONDROYD! 


I—GENERAL 


HE general field of vibrations, including the physical 

aspects of acoustics, was covered by some twelve books 

and about two hundred papers during 1934. Only those 
papers readily accessible to American engineers in publications 
usually available have been included in the following outline. 
The titles of all the papers listed have been translated into Eng- 
lish for convenience in reference while the titles of the books are 
given in the language in which they were printed. 


II—GENERAL VIBRATION STUDIES 


Two general textbooks in English on all phases of vibration 
theory have appeared, a mathematical treatise built around 
actual technical problems, an advanced text by J. P. Den Hartog 
(1)? and an elementary textbook by E. B. Cole (2). The second 
volume of ‘‘Schwingungstechnik”’ by Ernst Lehr (3) appeared in 
1934; the first volume of this book was published in 1930. The 
subject is also covered in the first part of volume 17 of the ‘““Hand- 
buch der Experimental Physik” (4), which was published in 1934, 
and (5) and (6) represent additional references. 


THEORY AND ANALYSIS 


Special studies in the mathematical treatment of vibrations 
have appeared in numerous papers during 1934. On the energy 
method for critical speeds, a book on Rayleigh’s principle by 
Temple and Bickley (7) gives a general résumé of the energy 
method of determining natural frequencies in engineering struc- 
tures. An important paper bearing on the calculation of natural 
frequencies in undamped systems of many degrees of freedom by 
the direct use of matrices was published by Collar and Duncan 
(8). K. Klotter (9) gives a generalized outlook on the various 
physical forms of the matrix elements for characteristic equations 
of diversely coupled vibrating systems. Graphical methods of 
solving vibration problems received attention in three papers 
(10), (11), (12). Additional references are given under (13), 
(14), (15), (16), (17). 


IV—VisRATION MEASUREMENT 


On the subject of vibration measurement only two papers are 
noted, (18) and (19). 


V—SpectaL TECHNICAL PROBLEMS 


(a) Vibration of Beams and Shafts, Rotor Balancing. “Dy- 
namik der Stabwerke” by Hohenemser and Prager (20), a book 
published in 1933, should be noted here since it gives a good gen- 
eralized view of the modes of vibration in various combinations 
of beams common in structural engineering. See also (21). The 
old problem of shaft whirling still attracts attention in the tech- 
nical literature (22), (23), (24), (25). The balancing of rotating 
machinery receives attention in papers describing a new auto- 
matic balancing machine (26), a new method of vector analysis 
from vibration amplitudes (27), and a new apparatus and associ- 


1 Experimental Division, Westinghouse Electric & Manufacturing 
Co., South Philadelphia, Pa. Mem. A.S.M.E. 

2 Numbers in parentheses refer to the bibliography at the end of the 
paper. 


ated method for field balancing (28). A paper by Galmiche 
(29) deals with the vibration of electrical machinery. 

(b) Torsional Vibrations. Two books on torsional vibra- 
tion have recently appeared, both in English and both published 
by John Wiley & Sons. A book containing practical methods for 
calculating vibration frequencies and amplitudes by Tuplin (30) 
gives a complete theoretical account of critical-speed calculations 
in systems of many degrees of freedom in unbranched and 
branched forms which are commonly met in practice. ‘Prac- 
tical Solution of Torsional Vibration Problems” by W. Ker Wil- 
son (31) as its name implies does not aim at the theoretical com- 
pleteness displayed in (30). Four papers (32), (33), (34), (35) 
are devoted to torsional oscillations. 

(c) Damping of Vibrations and Spring Mounting. The prob- 
lem of vibrating systems operating at a critical speed gives great 
importance to the subject of damping and other means to limit 
the amplitudes of motion. Papers on damping in general ap- 
peared under the authorship of Spaeth (36), Miller (37), and 
Klein (38). Dynamic vibration absorbers received attention in 
four papers, respectively, by Inglis (39), Féppl and Knackstedt 
(40), Geislinger (41), and Koch (42). The paper by Koch (42) 
on “Mechanical Wave Filters” gives a generalized outlook on 
dynamic vibration absorption. The effect of transient condi- 
tions of vibration on spring-mounting design for electrical and 
reciprocating machinery was treated by Johnson (43) and the 
characteristics of rubber spring mountings was discussed by 
Thum and Oeser (44). Ghosh (45) discusses the impact effect 
on a damped string. 

(d) Maintained Oscillations. The forced oscillations of simple 
systems at a natural frequency have been put to many uses. 
The pendulum clock is the oldest device which utilizes this 
principle. A book entitled “Pendules Electriques” by Granier 
(46) gives details of various electrical methods for maintaining 
and regulating the oscillations of clock pendulums. This little 
book contains information on the possible errors in frequency 
which can occur in pendulum designs. In (47) Sell discusses a 
mechanically controlled bolometer. Testing machines based on 
forced vibration at resonance and mechanical oscillators for 
other purposes are discussed by Spaeth in two papers (48) and 
(49). Stretched-wire vibrators, which have often been used as 
strain gages and thermometers by using the relationship between 
tension and natural frequency, are discussed by Stuart (50). 
Self-exciting tuning forks in radio circuits used as a standard of 
frequency form the subject of a paper by Dye and Essen (51). 
The natural vibrations of metallic reeds have been used fre- 
quently to determine the modulus of elasticity at room tem- 
perature and elevated temperatures. Davies and James discuss 
“An Electrically Maintained Vibrating Reed and Its Applica- 
tion to the Determination of Young’s Modulus” (52). The 
paper is divided into two parts, theoretical and experimental. 


(e) The Vibration of Structures. Two books appeared on 
this subject in 1934. C. E. Inglis discussed with great com- 
pleteness the old problem of railway-bridge vibration in a book 
entitled “‘A Mathematical Treatise on Vibration in Railway 
Bridges” (53). Creskoff discusses the design of buildings to 
resist the destructive effects of earthquakes (54). Vibrations 
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caused by moving vehicles are discussed in papers by Ramspeak 
(55) and Liirenbaum (56). 

(f) Transmission-Line Vibrations. This subject was con- 
sidered important enough in 1934 to give rise to seven papers 
(57), (58), (59), (60), (61), (62), and (63). 

(g) Ship Stabilization. Although the Frahm tanks for stabi- 
lizing ships are almost as old as the present century, the theory 
underlying their action has been the subject of very recent con- 
troversy. O. Féppl clears up some of the questions in a paper 
on “The Theory of Frahm Ship Stabilizers’ (64). The year 
1934 saw the installation by a German firm of an activated 
Frahm tank in which the water in the stabilizing system does not 
create its own dynamical phase relationship to the ship’s motion, 
but is artificially foreed by pumps to take a more advantageous 
phase relationship. N. Minorsky, the inventor of an activated 
tank control, published a paper on the subject (65) which was 
the subject of editorial comment in the same issue. H. Hoért 
gave a description of actual stabilizing installations (66) and 
E. G. Barillon prepared a new résumé of the whole theory of 
ship rolling (67). 

(hk) Turbine-Blade Vibration. When turbine blades break it 
is usually caused by “fatigue.’”’ The subject of turbine-blade 
vibration receives continuous attention from turbine designers. 
Papers by Peter (68) and Karas (69) appeared on this subject 
in 1934. 

(t) Hydrodynamic Oscillations. This subject was treated in 
two papers by Hooker (70), (71). 

(j) Sound. Since sound is produced by vibrating material 
bodies, books and papers on the physical aspects of sound are 
usually treatises on vibration and should be listed in this place. 

Loud speakers, mechanical devices for pumping energy into 
the air, have been treated mathematically and structurally in 
two books by McLachlan (72) and (73). General treatises, in 
book form, on acoustic theory appeared under the authorship 
of Davis (74) and Olson and Massa (75). An article on acousti- 
eal measurements by Myer (76) appeared in 1934. Two other 
articles appear in the same issue, one on the application of sound 
waves in free media and the other on the theory of electro-acoustic 
transformers (telephones, microphones, loud speakers) (76). 

Several papers on noise in electrical machines also appeared 
in 1934 (77), (78), (79). The noise meter as a shop tool for 
inspection is described by Johnson (80); and (81), (82), and (83) 
represent additional references on this subject. 


BIBLIOGRAPHY 


1 ‘Mechanical Vibrations,’ by J. P. Den Hartog, McGraw-Hill 
Book Company, New York, 1934. 

2 ‘Theory of Vibration for Engineers,’’ by E. B. Cole, Crosby 
Lockwood, London, 1935. 

3 “Schwingungstechnik,”’ vol. 2, by Ernst Lehr, Julius Springer, 
Berlin, 1934. 

4 “Schwingungs und Wellen lehre, Ultraschallwellen,’’ by E. 
Grossman, H. Martin, and H. Schmidt, Handbuch der Experi- 
mental Physik; vol. 17, part 1, Akad. Verlags gesellschaft, Leipzig, 
1934. 

5 Vibration Problems Discussed at the Physical Congress at Bad- 
Pyrmont, September, 1934. ‘Vibration of Elastic Cables,’’ by R. 
Hoger; and ‘Influence of Earth Tremors on Columns,” by K. Ludwig, 
Zeitschrift fiir Angewandte Mathematik und Mechanik, vol. 14, Decem- 
ber, 1934, p. 361. 

6 ‘Three Dimensional Vibration Problems,’ by B. Schlippe, 
Luftfahrtforschung, vol. 11, no. 7, Jan., 1935, p. 192. 

7 “Rayleigh’s Principle and Its Application to Engineering,” 
by G. Temple and W. G. Bickley, Oxford University Press, London, 
1933. 

8 “A Method of the Solution of Oscillation Problems by Matrices,” 
by A. R. Collar and W. J. Duncan, Philosophical Magazine, vol. 17, 
1934, p. 865. 

9 “The Coupling of Mechanical Vibration,’’ by K. Klotter, 
Ingenieur-Archiv, vol. 5, 1934, p. 157. 


10 “Graphical Evaluation of Resonance Curves,” by H. Lorenz, 
Ingenieur-Archiv, vol 5, 1934, p. 376. 

11 ‘Graphical Method for Representation of Unsymmetrical Dyads 
and for the Determination of Natural Frequencies and Amplitude 
Ratios of Two Bodied Vibration Systems,’’ by G. Gerber and K. 
Klotter, Ingenieur-Archiv, vol. 5, 1934, p. 470. 

12 ‘Locus Curves in Graphical Vibration Mechanics,” by F. 
Reinhardt, Ingenieur-Archiv, vol. 5, 1934, p. 110. 

13. “Harmonic Analyzer,”’ by J. Harvey, Engineering, vol. 138, 
December 12, 1934, p. 667. 

14 ‘Properties of Simple Electrical and Mechanical Vibrating 
Systems,” by J. Fischer, Archiv fiir Electrotechnik, vol. 28, December 
12, 1934, p. 774. 

15 “Harmonic Analysis of Sound-Frequency Oscillations With a 
Stroboscopic Disc,’’ by T. D. Nemes, Philosophical Magazine, vol. 18, 
1934, p. 303. 

16 ‘Operational Treatment of Certain Mechanical and Elec- 
trical Problems,’’ by A. N. Lowan, Philosophical Magazine, vol. 17, 
1934, p. 1134. 

17 “Natural Frequencies and Vibration Forms of Beams Formed 
From Circular Ares,’’ by F. W. Waltking, Ingenieur-Archiv, vol. 5, 
1934, p. 429. 

18 ‘Measurement of Vibrations,’’ by H. Sell and G. Turetschek, 
Zeit. fiir technische Physik, vol. 15, no. 12, 1934, p. 644. 

19 “Indicator for Rapid Pressure Oscillations,” by S. Berg, 
Zeit. V.DI., vol. 78, no. 44, November 3, 1934, p. 1295. 

20 ‘‘Dynamik der Stabwerke,”’ by K. Hohenemser and W. Prager, 
Julius Springer, Berlin, 1933. 

21 ‘Motion of Beams With Moving Loads,” by H. Steuding, 
Ingenieur-Archiv, vol. 5, 1934, p. 275. 

22 ‘Whirling of Shafts,”’ by D. Robertson, Engineer, vol. 158, 
August 31, 1934, p. 216; and September 7, 1934, p. 228. 

23 ‘Vibration of Beams and Whirling Shafts,’ by H. H. Jeff- 
cott. Proceedings, Royal Dublin Society, vol. 21, no. 10, 1934, 
p. 87. 

24 “Oil-Film Whirl—A Non-Whirling Bearing,’ by B. L. New- 
kirk and L. P. Grobel, Trans. A.S.M.E., vol. 56, 1934, paper APM- 
56-10, p. 607. 

25 “Practical Methods for the Calculation of the Critical Ve- 
locities of Rotors,”’ by G. Zerkowitz, Ricerche di Ingegneria, vol. 2, 
November, December, 1934, p. 245. 

26 ‘The Measurement of Dynamic Unbalance on a Balancing 
Machine With Electromagnetic Control,’’ by H. Hoppe, Mitteilungen 
des WoOhler-Institute, Braunschweig, H., part 17, Nem-Verlag, 
Berlin, 1933. 

27 “Rotor Balancing,’ by J. Bromberg, Trans. A.S.M.E., vol. 
56, 1934, paper APM-56-14, p. 707. 

28 “Dynamic Balancing of Rotating Machinery in the Field,” 
by E. L. Thearle, Trans. A.S.M-E., vol. 56, 1934, paper APM-56-19, 
p. 745. 

29 “Vibration of Electrical Machinery,’ by C. Galmiche, Revue 
Generale de I Electricité, vol. 35, June 2, 1934, p. 739. 

30 “Torsional Vibration,’’ by W. A. Tuplin, John Wiley & Sons, 
New York, 1934. 

31 “Practical Solution of Torsional Vibration Problems,”’ by 
W. Ker Wilson, John Wiley & Sons, New York, 1935. 

32 “Torsional Vibration in Block Engines,’”’ by R. Grammel, 
Ingenieur-Archiv, vol. 5, February, 1934, p. 83. 

33 “Calculation of Torsional Vibration Stress of Marine Oil- 
Engine Installation,” by W. K. Wilson, Engineering, vol. 137, May 
25, 1934, p. 582 and p. 611. 

34 ‘Graphical Solutions for the Torsional Oscillations of Shaft- 
ing,” by K. Waimann, Zeit. V.DJ., vol. 78, September 15, 1934, 
p. 1083. 

35 ‘Damping of Engine Torsional Oscillations,” by J. Geiger, 
Zeit. V.D.I., vol. 78, no. 46, November 17, 1934, p. 1353. 

36 “Damping of Oscillating Systems,’’ by W. Spaeth, Archiv fiir 
Electrotechnik, vol. 28, no. 4, April 5, 1934, p. 257. 

37 “Calculation of Vibration With Velocity Squared Damping,” 
W. Miller, Ingenieur-Archiv, vol. 5, 1934, p. 306. 

38 “The Measurement of Damping in Building Materials by 
Recording Their Resonance Curves,”’ by W. Klein, Ingenieur-Archiv, 
vol. 5, 1934, p. 1. 

39 ‘Vibration Neutralizer for Ships,’’ by C. E. Inglis, Engineering, 
vol. 157, 1934, p. 380. 

40 .‘‘Dampers for Pipe Line Vibrations,” by O. Féppl and W. 
Knackstedt, Forschung auf dem Gebiete des Ingenieurwesens, vol. 4, 
no. 4, July-August, 1933, p. 173. 

41 ‘Theory of Resonance Vibration Dampers,” by L. Geislinger, 
Ingenieur Archiv, vol. 5, 1934, p. 146. 

42 “Mechanical Wave Filters,’’ by H. W. Koch, Zeit. fir An- 
gewandte Mathematik und Mechanik, vol. 14, June, 1934, page 173. 


es 
: | 
| 
| 
| 
| 
| 
| 
| 
i 
| 
= 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
age | 
| 
| 
| 
~ 
AS 


JOURNAL OF APPLIED MECHANICS A-105 


43 “Transient Vibrations of Machines,"’ by W. E. Johnson, 
General Electrical Review, vol. 37, September, 1934, p. 423. 

44 ‘Machines on Rubber Springs,”’ by A. Thum and K. Oeser, 
Zeit. V.DI., vol. 78, no. 19, 1934, p. 587. 

45 “Hertzian Impact of Elastic Hammer on a Damped Piano- 
forte String,”” by M. Ghosh, Philosophical Magazine, vol. 17, 1934, 
p. 521. 

46 ‘Pendules Flectriques,” by J. Granier, Dunod, Paris, 1934. 

47 ‘Mechanically Controlled Bolometer,”’ by H. Sell, Zeit. fiir 
technische Physik, vol. 15, 1934, no. 3, p. 112; and no. 4, p. 129. 

48 ‘Mechanical Oscillators,” by W. Spaeth, Electrotechnische 
Zeit., May 10, 1934, p. 465. 

49 “Theory and Practice in Vibration Testing Machines,” by 
W. Spaeth, Zeit. V.DJ., vol. 78, no. 51, 1934, p. 1487. 

50 ‘Valve Maintained Stretched Wire Vibrator,’ by W.S. Stuart, 
Philosophical Magazine, vol. 18, October, 1934, p. 566. 

51 ‘‘The Valve Maintained Tuning Fork as a Primary Standard 
of Frequency,” by D. W. Dye and L. Essen, Proceedings Royal 
Society of London, A, vol. 143, 1934, p. 285. 

52 ‘An Electrically Maintained Vibrating Reed and Its Appli- 
cation to the Determination of Young’s Modulus,”’ by R. M. Davies 
and E. G. James, Philosophical Magazine, vol. 18, 1934, p. 1023. 

53. “A Mathematical Treatise on Vibration in Railway Bridges,” 
by C. E. Inglis, Cambridge University Press, 1934. 

54 “Dynamics of Earthquake Resistant Structures,’ by J. J. 
Creskoff, McGraw-Hill Book Company, New York, 1934. 

55 “Building Vibrations Caused by Earthquakes and Trans- 
portation,”’ by A. Ramspeak, Zeit. V.DJ., vol. 78, no. 22, 1934, p. 
669. 

56 ‘Vibration Theory in Transportation,” by K. Liirenbaum, 
Zeit. V.D.I., vol. 78, no. 39, September 29, 1934, p. 1131. 

57 “Observations of the Causes and Limitation of Conductor 
Vibration on Transmission Lines,’’ by H. Maass, Electrotechnik und 
Maschinenbau, vol. 52, January 14, 1934, p. 13. 

58 ‘Method of Damping the Vibration of Overhead Cables,”’ by 
M. Preiswerk, Association Suisse des Electriciens, Bulletin, vol. 25, 
May 11, 1934, p. 252. 

59 “Effect of Vibration on Steel Cored Aluminum Conductors,” 
by L. L. Ene, Electrician, vol. 112, p. 656. Discussion, p. 565, 
April 27, 1934, p. 565; and World Power, vol. 21, May, 1934, p. 247. 

60 ‘Overhead Line Vibration,’’ by E. M. Wright and J. Miné, 
Jr., Electrical Engineering, vol. 53, July, 1934, p. 1123. 

61 “Transmission Line Breakage by Vibration,’’ by W. Schwin- 
ning and E. Dorgesloh, Zeit. fiir Metallkunde, vol. 26, July, 1934, p. 
162. 

62 “Vibration Analysis of Transmission Line Conductors,”’ by 
W. C. Buchanan, Electrical Engineering, vol. 53, November, 1934, 
p. 1478. 

63 “Non-Swinging Transmission Line Conductors,” by M. Preis- 


werk, Electrotechnische Zeit., vol. 55, December 13, 1934, p. 1225. 
64 “Contribution to the Theory of Frahm Ship Stabilizers” 
(Schlingertanks), by O. Féppl, Ingenieur-Archiv, vol. 5, 1934, p. 35. 
65 “Ship Stabilization by Activated Tanks,”” by N. Minorsky, 
Engineering, vol. 158, 1934, p. 154. 

66 ‘Description and Test Results of Constructed Ship Stabiliza- 
tion Installations,” by H. Hort, Schiffsbautechnische Gesellschaft, 
Jahrbuch, vol. 35, 1934, p. 292. 

67 ‘On the Theory of Double Systems of Rolling of Ships Among 
Waves,” by E. G. Barillon, Trans. Institution of Naval Architects, 
vol. 76, 1934, p. 420. 

68 “Calculation of Blade Vibrations in Steam Turbines,”’ by W. 
Peter, Brown Boveri Review, vol. 21, May, 1934, pp. 78-82; July, 
1934, pp. 123-127. 

69 ‘Vibration of Steam Turbine Blades,” by K. Karas, In- 
genieur-Archiv, vol. 5, 1934, p. 325. 

70 “Oscillations in High Speed Jets of Compressible Fluids,” 
S. G. Hooker, Philosophical Magazine, 17, 1934, p. 651. 

71 “Two Dimensional Oscillations in Divergent Jets of Com- 
pressible Fluid,” by S. G. Hooker, Proceedings, Royal Society of 
London, A, vol. 145, 1934, p. 52. 

72 ‘‘Loud Speakers,” by N. W. McLachlan, Clarendon Press, 
Oxford, Eng., 1934. 

73 ‘Elements of Loud Speaker Design,’’ by N. W. McLachlan, 
Oxford University Press, London, 1935. 

74 ‘Modern Acousties,”” by A. H. Davis, Macmillan Co., New 
York, 1934. 

75 ‘Applied Acoustics,” by H. F. Olson and Frank Massa, 
P. Blakiston’s Son & Company, Philadelphia, 1934. 

76 ‘“‘Akutische Messtechnik,” by E. Myer; ‘‘Anwendungen der 
Ausbreitung des Schalles in Freien Medien,” H. Hecht and F. A. 
Fischer; ‘‘Analytische Theorie der Elektro-aukstisch en Wandler,” 
H. Hecht and F. A. Fisher, vol. 17, part 2, Handbuch der Experi- 
mental Physik, 1934. 

77 ‘‘Mechanical-Acoustic Behavior of Electrical Machines,’ by 
E. Lubske, Zeit. fiir technische Physik, vol. 15, no. 12, 1934, p. 652. 

78 ‘‘Magnetic Noise of Electrical Machines,’”’ by M. DeGavre, 
Société Francaise des Electriciens Bulletin, vol. 4, December, 1934, p. 
1211. 

79 ‘‘Measurement of Noise From Small Motors,” by C. G. 
Veinott, Electrical Engineering, vol. 53, December, 1934, p. 1624. 

80 “Utility of the Noise Meter in Quantity Production,” by 
W. E. Johnson, General Electric Review, vol. 37, 1934, p. 504. 

81 ‘Acoustic Radiation Pressure on Spheres,’ by L. V. King, 
Proceedings, Royal Society of London, A, vol. 147, 1934, p. 212. 

82 “Sound Radiation From a Condenser Discharge,’’ by W. 
McFarland, Philosophical Magazine, vol. 18, 1934, p. 24. 

83 ‘‘Damping Measurements on Sound Waves in Solid Bodies,” 
by R. Schmidt, Ingenieur-Archiv, vol. 5, 1934, p. 353. 


E 
= 
, 
7 
fia 
| 
4 ot 
‘ 


Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Applied 
Mechanics Division on strength of materials (R. E. Peter- 
son, chairman), under the guidance of S. Timoshenko. 


Working Stresses 


By C. RICHARD SODERBERG,? PHILADELPHIA, PA. 


I INTRODUCTION 


HERE is a considerable number of variables, outside of 

magnitude of stress, involved in the problem of strength, 

but the following have been found to be of fundamental 
significance. 

1 Temperature. While it is impossible to speak of any well- 
defined boundaries between the different regions, it is permissible, 
for practical purposes, to speak of (a) normal temperatures, where 
the problem of strength is based on elastic behavior, and (b) ele- 
vated temperatures, where the problem of strength must be 
based on plastic behavior. For steel and its alloys, the limit 
between these two regions is approximately 250 C. 

2 Ductility. A definite classification of the materials with 
regard to ductility is equally difficult, because the term has 
meaning only when the state of stress is specified. Nevertheless, 
if tensile tests are made of soft steel and cast iron, the results 
differ so fundamentally that we can regard the former as ductile 
and the latter as brittle. It is on the basis of such a difference 
that the materials are classified as (a) ductile materials, giving a 
standard tensile test with more than 5 per cent elongation, and 
(b) brittle materials, giving less than 5 per cent elongation. 

3 Time-Mode of Stress Application. The time element has 
been found to be of particular significance. It is possible to 
distinguish between (a) steady stress and (b) variable stress, for 
which the problem of failure must be considered separately. 

At the present time only the following combinations of these 
variables can be treated with any degree of certainty: (a) ductile 
materials under steady stress at normal temperatures; (b) duc- 
tile materials under variable stress at normal temperatures; 
(c) brittle materials; and (d) ductile materials under steady 
stress at elevated temperatures. 


1 This paper was prepared for the Design Data section of the 
JOURNAL OF APPLIED MECHANICS and contains material published 
in “Factor of Safety and Working Stresses,’’ by C. Richard 
Soderberg, Trans. A.S.M.E., vol. 52, part 1, 1930, paper APM-52-2, 
pp. 13-28. 

2 Manager, Turbine Apparatus Division, South Philadelphia 
Works, Westinghouse Electric & Manufacturing Company, Phila- 
delphia, Pa. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until Nov. 11, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


II DUCTILE MATERIALS UNDER STEADY STRESS 
AT NORMAL TEMPERATURES 


Tue TENSILE TEsT 


There are many physical tests of importance, but for purposes 
of predicting failure the tensile test is practically the only source 
of information. Of the quantities furnished by the tensile test, 
only the yield strength o, has received general sanction as a 
measure of the strength. This is based on more than an arbi- 
trary selection, because the usefulness of most engineering struc- 
tures is impaired when the plastic deformation reaches a value 
which is large in comparison with the elastic deformation. For 
materials having no well-defined yield point, the stress corre- 
sponding to 0.2 per cent permanent deformation is often used as 
the yield strength. 

Under the conditions of the tensile test, the working stress is 
now defined by the relation 


where n is the factor of safety. (It is more convenient mathe- 
matically and also somewhat more logical to use a factor of 
utilization u = 1/n, however, because of the wide usage of the 
factor of safety, it was considered advisable to retain its use in 
these articles.') 

The general treatment of the problem of strength is postulated 
on the assumption that it is always possible to find a certain 
limiting stress which for more complicated cases plays the role 
of the yield strength of the tensile test. 

The object of the following rules is to define the factor of safety, 
rather than to give specific instructions as to its absolute value. 
This must remain the prerogative of the responsible designer 
for whom these rules furnish accepted methods of interpreting 
his experience. It has become customary to regard n = 1.25 to 
1.33 as minimum values to be used under most favorable cir- 
cumstances with reliable materials subjected to accurately known 
stresses. For the opposite extreme, maximum values of n = 3 
to 4 are regarded appropriate. If practical experience indicates 
a need for still higher factors of safety, this should call for a 
more thorough analysis of the problem, either in the evaluation 
of the stresses or in interpreting the circumstances of failure. 
Most applications fall in the region where n = 1.5 to 3. 


THEORIES OF STRENGTH 


In order to extend the treatment to other forms of stress 
application, it is necessary to refer to a theory of strength, estab- 
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lishing in more detail the actual mechanism of failure. A con- 
siderable amount of experimental and theoretical material is how 
available and the practical’ choice has narrowed down to two 
theories: (a) the maximum-shear theory, and (b) the theory of 
constant energy of distortion. 
The Maximum-Shear Theory. The condition for yielding, 
according to the maximum- 
Oj shear theory, is based on the 
assumption that yielding 
f starts in planes of maximum 
/ shearing stress, when the 
shearing stress in these planes 
reaches a certain limiting 


/ value. If the principal 

stresses are and az in 
/ 

/ algebraic order of magnitude, 


(a the maximum shearing stress 

occurs in the diagonal planes 

Fig t parallel with oz, Fig. 1, and 

has the value (0; — a;)/2. 

The intermediate stress is assumed to be without influence, a 

fact, therefore, which has thrown doubt on the absolute correct- 

ness of this theory. When o, = o; = 0, the maximum shearing 

stress is o,/2, occurring in planes at 45 deg to o;. In the tensile 

test, therefore, failure takes place when the maximum shearing 

stress reaches the value o,/2, where o, is the yield strength in 
tension. 

The Theory of Constant Energy of Distortion. The yielding of 

ductile materials has been found by careful experiments to obey 
the law 


— a2)? + (¢2 — 3)? + (03 — = 2e,?....... (2] 


where o, again is the yield strength in straight tension. As far 
as the tensile test alone is concerned, the theory gives values 
identical with those obtained by the maximum-shear theory. 

The greatest discrepancy occurs for the case of pure shear. 
This is obtained by making 03 = —o; = 17, o2 = 0, when Equa- 
tion [2] becomes r = (1/\V/3)e, = 0.570,, as against 0.50, on 
the basis of the maximum-shear theory. 

In the case of combined 
tensile stress o and shearing 
stress r, Fig. 2, the princi- 
pal stresses are, in the order 
of magnitude: 

a, = 1/2[o + V(o? + 4r?)] 
C2 = 0 


o3 = 1/2[0 — V/(o? + 47?) ] 


The condition of yielding 

then becomes \/(¢? + 3r?) 

= o, instead of \/ (a? + 47?) 

t =o, forthe maximum-shear 
theory. 

o | The experimental evi- 

dence is definitely in favor 

Fig.2 of the distortion energy 

theory, and if accuracy were 

the only guiding motive, the choice would certainly be in favor 

of this theory. The maximum-shear theory is so outstandingly 

simple, however, that it was considered advisable to use it as a 
basis for determination of working stresses. 


Srress CoNCENTRATION 


Changes in shape of members, such as those due to fillets, 
holes, grooves, keyways, etc., cause local concentrations of stress. 
The stress-concentration factor k is defined as the ratio of maxi- 


mum stress to nominal stress and is computed as « = P/a for ten- 
sion-compression or ¢ = M/(I/c) for bending. Values of k 
for various cases were given in the preceding article of the Design- 
Data series, in the June, 1935, issue of the JouRNAL oF APPLIED 
Mecuanics, page A-67. For ductile materials, local concentra- 
tions of stress do not contribute to failure under steady stress, 
so that for this case stress concentration may be neglected. 


Rutes FoR WoRKING STRESSES FOR DuctTILE MATERIALS 
UNDER STEADY STRESS AT NORMAL TEMPERATURES 


1 Tension, compression, or bending, n = o,/a¢.......... [3] 
3 General case of combined stress, n = o,/2rmax.... . [5] 
4 Tension o and shear 7, n = (a2 + 4r?)...... 


The stresses are evaluated in each case without reference to 
local concentrations of stiess. 


III DUCTILE MATERIALS UNDER VARIABLE 
STRESS AT NORMAL TEMPERATURES 


Tue Faticue Test 


‘The general case of variable stress involves the combination 
of a steady stress oo and a variable stress ¢,, Fig. 3. The strength 
properties under the in- 
fluence of the steady 
component have been 
discussed in the preced- 
ing section. The prop- 
erty of strength is em- 
bodied, for practical pur- 
poses, in the yield 
strength o,. When the 
stress is alternating with 
the amplitude o,, the 
criterion of failure is the 
endurance limit,’ de- 
noted as o,. 

The most significant Fig 3 
difference from the con- 
ditions for steady stress concerns the influence of stress con- 
centration. Under variable stress both the average stress and 
the local maximum of the stress at any point influence the fail- 
ure. The actual conditions depend on the sharpness of the stress 
concentration and the nature of the material. 

Of equal significance is the dependence of the endurance limit 
upon other factors such as corrosive conditions, temperature of 
the atmosphere surrounding the specimen, and finish and surface 
treatment of the specimen. These create points of utmost im- 
portance which must be taken care of in each individual case. 
It is possible in many cases to conduct the tests so that the 
results include the effect of stress concentration. For the present 
purpose, it will be assumed that the true value of the endurance 
limit o, and the appropriate factor of stress concentration k > 1 
have been established for the conditions of the problem in ques- 
tion. 


SUPERPOSITION OF STEADY AND VARIABLE STRESS 


Assuming the conditions for the separately acting stresses oo 
and ke, to be fully determinate, the case of simultaneous appli- 
cation of these stresses still raises an important problem. The 
experimental material is fairly extensive and does permit certain 
conclusions. Plotted in the manner shown in Fig. 4, the relation 


3“*The Fatigue of Metals,” by H. F. Moore and J. B. Kommers, 
McGraw-Hill Book Company, New York, first edition 1927, p. 119. 
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between oo and o,, corresponding to failure, is generally a curve 
going through (O, ¢,) but almost always falling outside the 
straight line connecting (O, o,) and (¢,, 0). In view of the 
uncertainty of the available material, it appears reasonable to 
treat the problem on 
the basis that this 
straight line is the ac- 
tual line of failure, 
particularly since this 
is almost always on the 
safe side. The equa- 
tion of this line is o0/o, 
+ keo,/o, = 1, which 
thus expresses the com- 
binations of o, and oo 
which will cause fail- 
ure. In order to ob- 
tain a factor of safety 
n, the stresses must fol- 
low the relation 


Fig 4 


oo/0, + ko,/o, = 


representing a straight line connecting the points (O, o,/n) and 
(o,/n, O). It is evident that ¢,/ko, = n, and o,/oo = no repre- 
sent the factors of safety when the stresses are acting alone and 
hence this result may be written 


1/n, + 1/no = 1/n 
Equation [8] may also be written 
1/n = [oo + 


in which form it expresses the fact that the variable stress can 
be added to the steady stress by “weighting” it with the factor 
k(o,/o,). 


CoMBINED STRESSES 


The difficulties become greater when cases of combined stresses 
are considered, because very little in the way of experimental 
material is available on this point. Gough’s work‘ on the fatigue 
of single crystals shows that fatigue failure is generally preceded 
by slip on planes having maximum-resolved-shear stress. Tests 
of low-carbon steel subjected to combined alternating torsion and 
alternating bending‘ have produced results agreeing closely with 
the distortion-energy theory. The ratio of endurance limits 
obtained from torsion tests and from bending-test averages some- 
what greater than one-half for steels.* Taking the foregoing 
results into consideration it seems reasonable, for the present, to 
use the maximum-shear theory for variable stresses also. 

Failure is thus defined by the relation 


2170/0, + 2k,7,/o, = 1 


between the constant component 79 and the variable component 
k,r, of the shearing stresses in the plane of failure. The factor 
of safety is found from the relation 


1/n = 210/o, + 2k-r,/o, 


The method may be criticized on the basis that great care 
has to be exercised in selecting the appropriate combination. 


4 “Crystalline Structure in Relation to Failure of Metals—Espe- 
cially by Fatigue,’’ by H. J. Gough, Proceedings A.S.T.M., vol. 33, 
1933, p. 3. 

5 “The Fatigue of Metals,’’ by H. F. Moore and J. B. Kommers, 
McGraw-Hill Book Company, New York, first edition 1927, p. 147. 

®**Kerb- und Korrosionsdauefestigkeit,’’ by P. Ludwik, Metall- 
wirtschaft, Metallwissenschaft, Metalltechnik, vol. 10, Sept. 11, 1930, 
pp. 705-710. 
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Thesteady components may 
cause failure in one plane, 
while the variable compo- 
nents may cause failure in 
another plane. Equation 
{10] should apply to the 
plane which makes n a mini- 
mum. 

The conditions are best 
illustrated by applying this 
result to the common case 
of combined tension o) + 
ko, and shear 7 + krz,, 
Fig. 5. The combined shear- 
ing stress in the plane PP 
is made up of the constant 
component (60/2) sin 2a—r9 
cos 2a and a variable component (k,o,/2) sin 2a — k;r, cos 2a. 

The value 1/n in this plane may thus be obtained by applying 
Equation [11] to 


Fig 


1 oo Sin. 2a + 279 cos 2a 


koo, sin 2a + 2k,7, cos 2a 


. {12) 


The minimum value of n occurs when 
tan 2a = — [oo — — ket, (13) 


When o, = o, this is the plane of maximum shear. The abso- 


lute value of the factor of safety in the plane is 


~ VU loot koa, + 4} 70 + kere (@,/oe) 


. (14) 


which thus establishes the working stresses for this case. 

When the variable components of the stresses exist as a small 
addition to the steady stresses, it is sometimes convenient to 
introduce the “weighting” factors 


ke = 1 + andky = 1 + [15] 
whence the expression for maximum factor of safety 

n = + 4(kz70)?] 
This method was in practical use before the derivation was known. 


RvLEs FOR WORKING STRESSES FOR DuctTiLE MATERIALS 
UnperR VARIABLE STRESS AT NORMAL TEMPERATURE 


The following rules may be formulated for working stresses: 


1 Alternating stress in tension, compression or bending 


2 Alternating stress in shear 
n = o,/2krv max 
3 Combinations of steady and alternating stress 
1/n = + ko,/o, 
n = a,/[oo + k(o,/e,)o,] 


4 General case of combined variable stress. Evaluate the 
constant component 7» and the variable component kr, of the 
shearing stress in the plane of minimum n, where 


1/n = 2[(ro/o,) + (kr,/o,)] 


5 Special case of combined variable tension stress and vari- 
able shearing stress 


n [21} 


~ Viloo + koo, + 470 + kerry (o,/0,)} 


ae 

\ 

; 
t 
oat 

+ f 

} 

| 

(17) 


Discussion 


Ordinate Systems for Quadratures 


Similar to Tchebycheff’s Ordinates' 


L. T. Fuemina.? Professor Karelitz’ paper is an interesting 
application of approximate-quadrature theory to a_ specific 
type of problem. The author compares the method he has de- 
veloped with that of Tchebycheff, but not with Gauss’s formula 
nor with those using a rational integral polynomial of high- 
degree and equidistant ordinates. 

The accuracies of approximate quadrature formulas depend 
not only on the number of ordinates used, but also on the good- 
ness of fit of the function that is substituted for the given curve 
or funetion. Good practice ordinarily requires that the error 
in computation should, at most, not exceed that due to scaling 
measurements or the inaccuracies of fabrication. It is this 
writer's opinion that, in a majority of cases, formulas employing 
equidistant ordinates will give a better fit than those in which the 
ordinates are not equidistant. 

As an example, consider, for shapes such as these water lines, 
the tenth-degree polynomial with intervals between ordinates 
of (2/10). The coefficients for computing the moments and 
the whole and half areas above the z-axis of such a curve follow. 
As the formulas are equally applicable when the end ordinates 
are not zero, coefficients for ys and y—s are given. The author’s 
notation is followed except that the symbol L, for the half length, 
replaces the letter 1. 

Whole area, from x = —Ltoz = L: 


A, = (2L/10) (0.268341 (y-s + ys) + 1.775359 + 
— 0.810436 (y-3 + ys) + 4.549463 (y-2 + ye) — 4.351551 (y-1 
+ m) + 7.137646 yo) 
Half area, from x = 0 to x = L (reverse the ordinates for 
area from x = —Ltox = 0): 
Ay = (2L/10) (—0.006001 + 0.066988 y—, — 0.341276 
+ 1.050153 y-2 — 2.184818 y-, + 3.568823 yo — 2.166733 y; 
+ 3.499310 y: — 0.469159 ys + 1.708371 ys + 0.274343 ys) 


Moment about yo of whole area, from x = —Ltoxr = L: 


M, = (2L/10)? [1.341707 (ys — y-s) + 7.101438 (ys — y-a) 
— 2.431307 (ys — y-s) + 9.098926 (y2 — y-2) 
— 4.351551 (y: — y-1)] 


Moment about yo of half area, from x = 0 to x = L (reverse 
the ordinates and multiply by (—1) for moment about yo of area 
from « = —Ltox = 0): 


M, = (2L/10)? 0.027985 + 0.311971 y—, — 1.585828 y-s 
+ 4.858778 y-2 — 9.993580 y-1 + 14.614977 yo — 14.345131 x: 
+ 13.957704 y, — 4.017135 ys + 7.413408 ys + 1.313721 ys] 

The areas and moments of the curves a and b, Fig. 5 of the 
paper, used by the author as examples, computed by the above 


formulas, differ by the following per cents from the exact values: 
curve a, area, —0.13 per cent, moment, —0.30 per cent; curve b, 


1 By G. B. Karelitz. Published in the March, 1935, issue of the 
JOURNAL oF AppLiep Mecuantcs (A.8.M.E. Transactions). 
? Santa Cruz, Calif. Assoc-Mem. A.3.M.E. 


area, +0.0017 per cent, moment, +0.0041 per cent. It will be 
noted that these errors are appreciably smaller than those re- 
ported by the author in his Table 9. 

The statement in the text that “...Tchebycheff ordinates do 
not give... (the) moment with satisfactory accuracy,” might be 
misleading; the moment being the area under a curve, can of 
course be computed by these ordinates to any reasonable degree 
of accuracy. The Tchebycheff ordinates used for the a-ea 
computation, multiplied by their respective abscissas, should 
give the moment of the whole figure, from x = —L to x = L, 
with, usually, but slightly less accuracy for an unsymmetrical 
figure than that obtained for the area. But from geometrical 
considerations rather than for the reason cited in the text, we 
cannot expect to obtain a satisfactory moment of the half area 
by use of ordinates taken at the same points as used for the area 
of the whole figure, as the moment curve then has a sharp break 
at. = 0 and is not the smooth curve required by the Tchebycheff 
polynomial. 

This difficulty is admirably overcome by the ordinates proposed 
by the author, but it should be noted that they do not give an 
exact moment for curves which are exactly integrated as to area 
a possible defect not inherent in the equidistant-ordinate formu- 
las. It will require considerable experience with these ordinates 
to give convincing proof that the polynomial which they inte- 
grate gives as good a fit to the general run of curves as a poly- 
nomial with no terms missing and no restrictions on the parame- 
ters. 


S. J. Mrxrna.? The appearance of Professor Karelitz’ paper 
with its elaboration on Tchebycheff’s work of 70 years ago, 
prompts the writer in turn to resurrect a little-known quadrature 
formula of even more ancient antecedents. A good and suf- 
ficient reason for this is that the formula in question is superior 
in point of simplicity of application and accuracy of results to 
anything of the kind in present-day literature on mensuration 
and well deserves to be brought to light and given recognition. 
Reference is made to the formula in the book, ‘‘The Calculus of 
Finite Differences,” by George Boole (the first edition of which 
appeared in 1860), who attributes it to an English mathema- 
tician of an earlier date named Weddle. Weddle’s rule for ob- 
taining an approximate expression for the area under a curve 
requires that the given area be divided into six portions bounded 
by seven equidistant ordinates, as shown in Fig. 1 of this dis- 
cussion. If the common distance between these ordinates is h, 
the area is given by 


3h 
S= + ys) + 6 


This practical rule, which ought to find a place in every engi- 
neer’s note-book, may be conveniently kept in mind by the fol- 
lowing mnemonic: 

The proposed area being divided into six portions by seven 
equidistant ordinates, add into one sum the even ordinates, 5 
times the odd ordinates, and the middle ordinate, and multiply 
the result by */1o of the common distance of the ordinates. 

The theoretical basis for the rule was laid by evaluating the 
area integral of a sixth-degree polynomial passing through the 


3 Westinghouse Electric & Manufacturing Company, East Pitts- 
burgh, Pa. Jun. A.S.M.E. 
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TABLE1 APPLICATION OF WEDDLE'S RULE TO KARELITZ’ CURVES a AND 6 OF FIG. 5 


be done in any case where extreme ac- 
Curve b— 


Curve a — 


——A 


0.7624 0.3064 


0.581 
0.7628 +0.05 0.3071 +0.20 0.581 
Karelitz’ rule with 41/2 ordinates... 0.7610 -—0.20 0.3045 -—0.70 0.581 


seven ordinates. The remarkable simplicity of the numerical 
constants in the rule is due to the application of the calculus 
of finite differences to the evaluation of the area integral in ques- 
tion. By expressing the polynomial in terms of successive finite 


differences in a manner analogous to the representation of a func- 
tion by Taylor’s series in terms of its successive differential co- 
efficients, it was found possible to gage accurately the error com- 
mitted in neglecting certain terms and in this way to simplify 
the final expression by purging it of all arithmetically complex, 
but demonstrably negligible, factors. 

The application of Weddle’s rule to Professor Karelitz’ clinical 
curves y = 0.7 (1 — X*) + 0.3 (1 — X®)?, designated by him as 
curve a in Fig. 5 of the paper, and y = 0.935 cos (4 x/2) + 0.065 
cos (37x/2), designated as curve b in Fig. 5 of the paper, gives 
the results shown in Table 1 of this discussion for the region 
X=0toX = 1. 

The value of the area under curve b was given by Weddle’s 
rule as being equal to 0.5814, correct to four places. The some- 
what unfavorable comparison of this value with the value of 
0.584, given as exact in Professor Karelitz’ paper, provided the 
incentive for a recalculation of the exact value. This was found 
to be 0.5814, thus checking Weddle’s value. For both curves, 
Weddle’s-rule values are consistently better than those deter- 
mined with the formulas considered in the paper. 

The differences in error between Weddle’s rule and Professor 
Karelitz’ proposed rules are hardly great enough to argue about, 
however, and any preference for one or the other on the basis of 
minimum error must be a matter of personal taste. From the 
point of view of ease of application, however, Weddle’s rule 
with its equidistant ordinates has the advantage over the pe- 
culiar ordinate spacing required by Professor Karelitz’ rules. 
Just as a matter of simple drafting it is apparent that it is much 
easier, and more conducive to accuracy in the final result, to 
divide a line into six equal parts by the usual geometrical con- 
struction than to lay off such abscissas as 0.27047, 0.41791, or 
0.65263 times the length of the line. 

Weddle’s rule will be found particularly useful in such ap- 
plications as the determination of moments of inertia of irregular 
shapes, such as propeller- or turbine-blade sections, in the evalua- 
tion of indicator-card areas, and in the evaluation of definite 
integrals which cannot be integrated in terms of elementary func- 
tions. In the case of indicator-card areas it is suggested that the 
diagram be divided up so as to avoid applying the formula over 
regions of too sharp a variation in ordinate heights. This may 
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curacy is desired. 


AvuTHorR’s CLOSURE 

0 0.200 0 

0 0.201 +0.50 The principal value of Tehebycheff’s co- 

efficients, or those proposed in the paper, 
is the possibility of obtaining the area and moment of curves 
with a small number of ordinates and without multipliers. As 
mentioned, it is of primary use for practical shipbuilders when 
they compute the stability elements of a ship’s hull. Certainly, 
there are numerous other formulas which give the area with a 
satisfactory accuracy, but the Tchebycheff method involves the 
least amount of labor. 

The ship’s lines are, with our present knowledge, empirical 
lines, and it is hardly possible to determine which member of the 
polynomial series would be the most important. In fact, there 
is no reason why the powers of the polynom should be integral 
numbers, or why the water-lines would not be represented better 
by a sum of trigonometric functions. Experience has shown that 
Tchebycheff’s formula with 9 ordinates (four sections fore and four 
sections aft) gives results of sufficient accuracy for practical ship 
calculations. 

The author takes this opportunity to thank Mr. Mikina for 
calling attention to the arithmetical error in the example b. It 
seems that the half-length of the “‘clinical’’ lines was divided into 
six parts for the application of Weddle’s formula. This would 
require 13 ordinates for the application to a ship’s water line 
instead of 9, as with Tchebycheff’s or the author’s ordinates. 


Pitting Due to Rolling Contact’ 


GrorGE W. ALLAN.? The author is to be congratulated for his 
interesting paper which clears up many of the obscurities regard- 
ing the surface failure of metals under rolling stresses. He has 
been successful in obtaining experimental results free from the 
troubles encountered by other experimenters in the same line of 
work. He has also most ingeniously analyzed the effect of lubri- 
cant on the rolling stresses. 

There are a few minor matters on which the writer would like 
to have Mr. Way’s opinion. In the pictures of the damaged rolls, 
the pitting or fine scoring, depending on the running conditions, 
appears to be heaviest at the center of the surface, there being a 
narrow band of surface at the ends which shows practically no 
damage. This may be due, in the writer’s opinion, to either of 
two causes: The metal in the immediate vicinity of the edge, 
being less constrained than that in the middle, may not experi- 
ence as much contact pressure. The second cause might arise 
from a type of error which the writer thinks would not be easy 
to adjust or measure in the author’s machine. If the axes of the 
two rolls while lying in parallel horizontal planes were not 
parallel with each other so that those lines on the two rolls, which 
under correct conditions when the rolls were just making contact 
formed the common line of contact, crossed each other instead 
at a slight angle, we would get point contact. Under load, this 
would become an elliptical contact area so that the pressure at the 
center would be greater than that at the ends. 

The author mentions that no slip took place between his rolls. 
His method of proving this seems to have been to turn the rolls 
around once and to ascertain that the spacing of two dents on one 
roll caused by one protuberance on the other was equal to the 
circumference of the other. This was hardly running conditions 
and it would have been interesting to attach counters on each 


1 By Stewart Way. Published in the June, 1935, issue of the 
JOURNAL OF APPLIED Mecuantcs (A.S.M.E. Transactions). 

2 Department of Engineering Mechanics, University of Michigan, 
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roll shaft to ascertain whether any slow creep took place over a 
period of running time. 

The writer would like to know whether any oxide of iron such as 
the author found after a dry test was present in the oil after a test 
with lubricated surfaces. Manufacturers of friction drives ap- 


Fie. 1 (X 100) 


pear to have found that this oxide formed even with lubricant 
present. Of course this may be due to the fact that a friction 
drive using steel disks experiences sliding abrasion to a great ex- 
tent whereas in the author’s tests, this was practically absent. 

The writer notes that in the photographs showing the develop- 
ment of a pit that the crack, which was the first visible stage of its 
development was a short isolated and comparatively straight 
one. In the tests on which the writer is at present engaged and 
in which he uses smaller and harder rolls, the cracks are spread 
over the surface generally before the failure becomes general. 
The accompanying photomicrograph, Fig. 1 (100 magnifications), 
shows the type of crack which the writer has found. 

The author’s analysis of pressure forces due to the oil affords an 
interesting picture of the forces produced by oil in very high- 
speed gear teeth and other fast moving machinery. Has the 
author considered the boundary film properties of his lubricant 
in determining the point at which metal-to-metal contact takes 
place? With boundary lubrication, a heavier load would have to 
be applied to make metal-to-metal contact than if there were 
none. 

Finally the writer would like to know whether the surface tem- 
perature of the rolls rose much while running. 


E. Leonarp Marmont.* Many theories have been advanced 
in connection with pitting of cylindrical surfaces when in rolling 
contact under load. Mr. Way’s paper shows that he has devoted 
much thought to the subject and as far as his experimenting 
goes his conclusions are justified. 

Those men engaged in the rolling of sheet and tin plate who 
constantly give their attention to pitting (or spalling) of mill 
rolls may first turn to the theory that spalling is the result of 
creeping. For the sake of explanation we may study the action 
of a plain (unthreaded) rubber tire when subjected to load and in 
rolling motion. As shown in Fig. 2 of this discussion, the rubber 


Fic. 2. Creepine or TrrE TREAD To LoapD AND ROLLING 
MorTIon 


is being compressed with the result that creeping takes place in 
front of the vertical center line in the direction of rolling. This 
creeping is continuous except when load or road conditions 
cause that part to snap back with the result that excessive wear 
takes place at this point. It is for this reason a smooth rubber 
tire does not wear evenly but develops cavities. For the purpose 
of relieving this creeping action and to provide better traction, 
tires are made with a thread design which allows a free dis- 
placement. According to the theory, a similar creeping action 
takes place in a mill roll and eventually causes spalling. 

A second theory maintains that spalling is caused by an unequal 
stress distribution set up in the roll at the time of its manufacture 
combined with the stress produced when rolling under heavy load. 
There seem to be certain similarities between this theory of 
spalling and our equally uncertain knowledge concerning the 
cause of earthquakes. It is a well known fact that in the cooling 
of a solid, non-homogeneous body such as the earth, unequal 
stresses must necessarily be set up in the outer regions. To 
these stresses present in the crust of the earth must be added fric- 
tional stresses caused by the earth’s contact with the surround- 
ing atmosphere. Some scientists say that because of the earth’s 
high velocity of over 1000 mph, this friction is influential in 
connection with earthquakes. In the manufacture of mill rolls 
high stresses are similarly set up in the outer parts of the rolls 
due to cooling. According to the theory, we add to these stresses 
those resulting from more or less impure rolling contact. Even 
though a comparatively long period may elapse before spalling 
occurs the roll will finally spall because the stresses are accumula- 
tive. It is thought that if the mill rolls were heat-treated cor- 
rectly to relieve the accumulated stresses, the spalling problem 
would be overcome. The correctness of these or any other 
theories can be settled only by scientific research. 

It seems appropriate to mention a mill incident, of recent date. 
It was observed that the strip on a four-high cold mill was being 
marked by a spalled roll. The mill was stopped immediately, 
the spalled roll exchanged for another and placed on the floor. 


3’ Engineer-Draftsman, American Sheet and Tin Plate Co., Gary, 
Ind. Jun. A.S.M.E, 
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Examination of the roll showed a spalled part approximately 
equal to the cross-sectional area of an ordinary pencil. A few 
minutes elapsed when suddenly a 35- or 40-sq in. piece disengaged 
itself from the surface of the spalled roll and shot 20 ft into the air. 
Luckily, no one was hurt. Such occurrences are, fortunately 
very infrequent. But some mills provide a pit in which rolls are 
put immediately upon removal from the mills. The rolls remain 
in the pit until they have acquired room temperature. 

Cold-rolling of tin plate is being done both with and without the 
use of oil on the rolls and spalling occurs in both cases. Oil is used 
as a cooling medium on mills working under screw-down pressures 
of about 70,000 lb per in. of roll face but it is not used on so- 
called skin-pass mills where the highest pressures are about 20,000 
to 25,000 lb per in. of roll face. To say that the presence or 
absence of oil has no effect on spalling would be a hasty statement 
since the fact remains that mills using oil suffer more lost time 
due to spalled rolls than mills operating dry; although that 
could be attributed to higher screw down pressures. 

Opinions as to the cause of spalling are more diversified than 
this discussion shows. Thus, in one article which appeared in 
Blast Furnace and Steel Plant, August, 1925, Harold Harris 
makes the following statement: ‘To avoid spalling, a plate-mill 
roller should carry water on the working surfaces of his rolls at 
all times.”” Evidently this implies that the temperature of the 
roll is a factor in spalling. 

The elimination of the present confusion in regard to spalling 
would be of immense value. It is, therefore, hoped that more 
experimentation will be undertaken with full understanding of 
the complexity of the problem. 


Haakon Sryri.‘ The results obtained by Dr. Way are very 
interesting but it seems that the conclusions he has drawn are 
much too sweeping. It is possible that publication of more de- 
tailed data will show a better foundation for his conclusions but 
objections can be raised to most of them, even if applied only to 
the test conditions used by Dr. Way. Still greater objection 
can be raised against applying the conclusions to antifriction 
bearings. 

The authors experiments consistently showed that there was 
no pitting when the rollers were run without lubricant. It would 
be desirable to learn how much the rollers lost in diameter during 
these tests due to oxidation of the contact surfaces and also if 
there was any measurable small slip between the rollers due to 
friction in the journal bearings. Since only one roller was driven, 
it seems that precautions should have been taken to mount the idle 
roller in ball bearings to reduce the friction. It is then possible 
that a different result would have been obtained. At least one fact 
observed in practical operation suggests this, namely, that loco- 
motive tires which run without lubrication on the rail can pit or 
spall as shown in Fig. 3 of this discussion, in which case the 
spalling has progressed further than recorded by Dr. Way. His 
experiments have shown that under the conditions used in the 
tests, apparently all pitting starts from the surface and that it 
oceurs only when a lubricant is used. It is not permissible to 
conclude that this also will be the case in other applications. If 
the initial crack starts at a point below the surface of cylindrical 
rollers and progresses to the surface along the direction of an 
obtuse cone it may break through and appear on the surface as a 
lip extending in the direction of the rolling. Fig. 4 of this dis- 
cussion shows the beginning of a crack belo-v the surface of a ball 
bearing where no crack was visible in the ball path even by 
etching. Fig. 5 shows the results of plastic deformation in a 
ball-bearing race due to running under heavy load. The struc- 
ture is developed by etching in nitric acid and alcohol and is 


4 Director of Research, SKF Research Laboratories, SKF Indus- 
tries Inc., Philadelphia, Pa. Mem. A.S.M.E. 


magnified 1000 times. Ball and roller bearings have, of course, 
highly polished rolling surfaces, and a hardness over 60 Rockwell, 
recorded on the C-seale. 

In all kinds of endurance tests on ball and roller bearings, 
the dispersion in life before failure of an adequate number of 
specimens at any given load is very great, frequently of the 


Fic. 4 BErGInnING OF A CRACK BELOW THE SURFACE OF A 
BEARING 


order of 1 to 10. The dispersion in life before flaking or pitting 
in ball and roller bearings is of this order or even greater under all 
test conditions, including test conditions for roller bearings 
similar in nature to those used by Dr. Way for rollers. It seems 
reasonable, therefore, to expect that Dr. Way should obtain very 
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great dispersion in life before pitting is observed under any given 
test condition. He states that the number of cycles necessary 
for the beginning of pitting is practically independent of the 
hardness, although he observes that a harder surface resists 
pitting better. In roller-bearing practice, the relationship be- 
tween load and average life before failure due to pitting or flaking 
has been quite well established and can be expressed mathe- 
matically by an empirical formula 


P = 


where P is load, n is the life in cycles, and C is a constant de- 
pending on the material and construction of the bearing. In 


5 Resutts oF PLastic DEFORMATION IN A BALL- 
BEARING Race 


this connection it would be of interest to record the lives before 
pitting for the loads used in Dr. Way’s Fig. 6. The life under 
any given load condition does depend greatly on the hardness 
of the material but there is no direct relationship. There is a 
distinct and sharp drop in life with decrease in hardness value 
from about 59 Rockwell, C-scale, down to lower values. Very 
few test data are available for ball or roller bearings with a hard- 
ness below 55 Rockwell, C-scale, because the life is so much re- 
duced that the bearings would be considered defective. In 
order to obtain fair average values at least 20 tests must be 
run for each load condition. 

We have never been able to find any relationship between 
failure due to pitting and viscosity of lubricant, although a great 
number of tests have been run with widely different oils, under 
conditions varying from flood lubrication to insufficient quanti- 
ties of oil to operate the bearings properly. 

It is possible that Dr. Way has been successful in identifying a 
special phenomenon entering into the complex mechanisr of 
fatigue failure. However, it is not safe to generalize results 
which were obtained under a particular set of conditions. As 
stated previously by the writer, established facts relating to the 
development of flaking or fatigue in antifriction bearings are at 
variance with the results revealed by Dr. Way’s tests. The 
fatigue failure due to surface flaking in antifriction bearings is 
a matter of great practical interest, and we are forced to conclude 
that the action described by Dr. Way is in this instance entirely 
subordinated to other influences which are of controlling impor- 
tance. 

AvTHoR’s CLOSURE 


Considering Mr. Styri’s question on the necessity of lubrication 
for pitting, the pitting of the locomotive tire shown in Fig. 3 of 


the discussion may have been promoted by water on the rails 
acting as the lubricant. As to tangential traction in the pitting 
tests affecting the results, it can be stated that this effect was 
minimized by mounting all rollers in antifrietion bearings. The 
rate of wear of the dry tested rollers was sometimes small and 
sometimes large. In one case, a roller of 250-VPN hardness 
run dry for 12 million cycles at a load of 2500 lb per in. decreased 
only 0.0003 in. in diameter. 

Another open question is, ““Exactly where do the pitting cracks 
start?” Figs. 6 and 7 of this discussion show pitting cracks in 


Fic. 7 Cross-Section or Pirtine Crack ( X 300) 


cross-section which are not more than 0.0008 and 0.002 in. deep, 
respectively. The depth of the point of Hertz’ maximum-shear 
stress is 0.007 in. Other minute cracks have also been observed 
in section. Therefore, we can say that in the case of rolling 
cylinders (the stress system is different for ball bearings) pitting 
cracks start somewhere in a surface layer of material which is 
thin compared to the depth of the point of Hertz’ maximum 
shear. It is very interesting that Mr. Styri has obtained illus- 
trations of cracks in ball bearings beneath the surface. Can we 
be sure these cracks are prepitting cracks? 

The antifriction-bearing manufacturer is interested in relations 
of average life to load and hardness. The gear manufacturer, 
on the other hand, wants to be sure that his gear will not fail by 
pitting. The present pitting studies have been made more from 
the standpoint of the needs of the gear industry. Therefore, it 
has not been the author’s object to conduct an investigation of 
the average life of the test rollers at different loads and hardnesses, 
but rather to find conditions of load, hardness, viscosity and other 
factors which will insure against pitting. 

Since preparing the paper, the author has had an opportunity 
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to study the effects of hardness variation on load-carrying ca- 
pacity. One lubricant was used in these tests, and the same 
steel was used with the same treatment in all cases, except that 
drawing temperatures were varied to secure different hardnesses. 
If different types of heat-treatment are used giving different 
structures, there is evidence that the relation of load and hard- 
ness will vary. Fig. 8 of this discussion shows the results of a 
group of tests. From this series it appears that if the maximum 
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compressive stress is less than 0.7 of the ultimate strength, pitting 
will not occur. 

If pmax is 0.7 of the ultimate strength, the maximum range of 
shear stress is only +0.175 of the ultimate strength, whereas the 
shear endurance limit is of the order of +0.25 to +0.28 of the 
ultimate. (The maximum range of shear stress rather than the 
maximum shear stress should be considered when determining 
the cause of fatigue cracks.) Furthermore, the point where the 
range of the shear stress is a maximum is 0.005 in. below the sur- 
face for a load of 2500 lb per in. Thus, it is apparent that the 
formation of pitting cracks in the very beginning cannot be due 
to repetitions of the theoretical Hertz stress system for rollers that 
are perfectly cylindrical. It is quite likely that these cracks are 
produced by the highly localized stresses near the surface caused 
by surface irregularities. 

Mr. Styri remarks that variations in oil viscosity have little 
effect on bearing life even at a given load. It is possible that if 
the viscosity were increased far above any practical value, the 
effect would be noticed. It seems that only in the case of rela- 
tively soft materials such as gear steels, it is practical to attempt 
to eliminate pitting by increasing the oil viscosity. To get a 
clear conception of this situation, one must look at a three-di- 
mensional diagram of the critical values of. load, hardness and 
viscosity. Such a diagram is at present being constructed as 
rapidly as data can be obtained. 
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The pit on the locomotive tire shown in Fig. 3 of this discussion 
resembles those the writer has seen on ball bearings, one of which 
is shown in Fig. 9 of this discussion. There is a summit in the 
middle of the pit, the surface of which is the original surface of 
the ball. The pit appears to have grown radially from this cen- 
tral summit. Such a radial structure is also suggested in the pit 
in Fig. 3 of this discussion. There is evidently a characteristic 
structure for pits on spherical or ellipsoidal surfaces of contact 


Fie. 9 Prr on a BALL BEARING (X 8) 


different from that for pits on cylinders. This presents a field 
for further study. A study of the pit in Fig. 9 strongly sug- 
gests that the crack which precedes the pit results from ten- 
sile stresses at the boundary of the contact area. 

Mr. Allan asks about several details of the tests. The wear 
is confined to the middle portion of the upper roller because the 
face width of the upper roller is greater than that of the lower. 
Counting the revolutions shows that there is no slip between the 
rollers. A chemical analysis was not made of the steel dust which 
collects in the oil, but all of it was found to be magnetic. The 
tests Mr. Allan made were conducted on rollers that were quite 
hard, inasmuch as the pitting cracks obtained by him were quite 
irregular. This irregularity has also been found to exist by the 
author to a more marked degree on harder rollers. 

The question of “oiliness’’ is one about which very little is 
known. We can be quite sure of one thing, however, and that 
is that the thickness of the film of molecules associated with the 
term “‘oiliness’’ is very much smaller than the height of surface 
irregularities on the test rollers or on gear teeth in general. I be- 
lieve it is justifiable to neglect the adhesive forces binding the oil 
molecules to the surface in calculating the load necessary to 
bring the surface irregularities into contact. 

The temperature of the lubricant was found to increase from 
20 C to 40 C above room temperature, depending on the viscosity. 

Mr. Marmont raises the important subject of the spalling of 
mill rolls. It is perhaps in order to rule out of the discussion 
failures of a more or less explosive character due in whole or in 
part to thermal causes and consider only surface failures due to 
the rolling forces. It is questionable whether spalling due to 
rolling forces is a failure of the same nature as pitting on gear 
teeth or on test rollers, so different are the conditions of opera- 
tion. The main differences that might be mentioned are (1) 
the plastic condition of the rolled material, (2) the presence of 
high tangential traction, (3) high temperatures in the case of hot 
mills. The “creeping” explanation of spalling would not account 
for pitting under conditions where there is negligible tangential 
traction. Also, one feels periodic slipping or “creeping”? would 
produce gradual wear rather than pitting cracks. Residual 
stresses cannot play an important part in mechanical pitting, 
as is shown by the occurrence of pitting on untreated gears and 
rollers. 
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REVIEWED By A. Napa! 


DisTorTION OF Meta. CrysTALs 


T is now about 15 years since a small group of young scientists, 
among whom the names of M. Polanyi, Miss C. F. Elam, and 

E. Schmid may be mentioned as well as those of H. C. H. Car- 
penter, G. I. Taylor, T. Czochralski, and others, became inter- 
ested in the plastic deformation of large crystals. Until that 
time the subject was known to only a few mineralogists. Among 
these D. Miigge was probably the first to discover that rock-salt 
crystals, which at ordinary temperature fracture as a brittle 
material, may easily be bent permanently to a considerable ex- 
tent without fracturing if heated, and that under a polarizing 
microscope beautiful curved lines (slip lines) become visible after 
permanent bending. The salt crystals had been permanently 
deformed along numerous regularly curved packages of layers. 
Similar but straight “‘slip bands’? were subsequently described 
by W. Rosenhain and G. Tammann in most of the polycrystalline 
ductile metals after these metals had been plastically deformed. 
It is probable that comparatively large metallic crystals have 
been produced accidentally in many cases prior to systematic 
studies of these crystals. The enormous softness and ductility 
which became apparent as soon as the first single-crystal wires of 
metals were stretched and the most regular manner accord- 
ing to which these crystals deform were some of the astonishing 
facts which led to further investigation. X-ray analysis of these 
materials contributed much to the structural discussion of de- 
formed metals and crystals. 

Mrs. G. H. Tipper, well known for her pioneer testing work on 
the distortion of metallic single crystals and for her joint investi- 
gations with H. C. H. Carpenter and G. I. Taylor in Cambridge, 
England, has undertaken to present briefly some of the most 
important general results of the extended investigations by herself 
and by a few physicists and engineers. During the last 15 years 
this work has greatly helped to establish the laws of the plastic 
deformation of single crystals of the ductile metals. Mrs. 
Tipper states in the preface of the volume that it was decided 
to limit the scope of the book to an account of the changes in 
structure and in physical and mechanical properties accompany- 
ing plastic deformation of metallic single crystals and to the effect 
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of temperature. The corresponding phenomena in polycrystal- 
line metals are not treated in detail. 

Fifteen chapters are devoted to the following subjects: Prepa- 
ration of metal crystals, deformation of metal crystals, calculation 
of forces required to produce deformation, deformation by twin- 
ning, deformation of polycrystalline metal, deformation of alloys, 
deformation under repeated stresses, fracture, effect of tem- 
perature, duration of test, rate of application of load, altera- 
tion in the X-ray reflections accompanying deformation, rela- 
tion between work done and energy absorbed during deforma- 
tion, changes in physical properties, plasticity, effect of heat on 
deformed metal, and a summary and theoretical discussion. 

The aim of the book is to avoid unnecessary details, and to lay 
stress on the experimental methods and to furnish an account of 
their principal results as well as of theoretical considerations 
without entering into a mathematical discussion. The little book 
accomplishes these aims satisfactorily and will be appreciated by 
many engineers and by those who wish to learn about the numer- 
ous interesting and practically important phenomena relating to 
the permanent deformation of crystals. The book is lucidly 
written, and the simplest language is used to describe physical 
or geometrical facts that are not simple. Reading is therefore 
delightful. 


CrysTaAL PLASTICITY 


The circle o {readers to whom this book will appeal is perhaps 
larger than that for which Mrs. Tipper’s was probably written. 
E. Schmid is a professor at the University of Freiburg (Switzer- 
land) and is also one of the pioneers in this field who has con- 
tributed considerably through his own exact and careful experi- 
mental investigations to a knowledge of the laws of the plastic 
deformation of single crystals. The book has chapters devoted 
to the following subjects: Crystallographic fundamentals  crys- 
tal-elasticity, production of single crystals, methods of finding 
the orientation of axes in crystals, geometry of the mechanism of 
plastic deformation, plasticity and strength of metal crystals and 
of ionic crystals (rock salt), theories and behavior of polycrystal- 
line metals. In the two short introductory chapters the notation 
by indexes used by the mineralogists is explained, the crystal 
systems are discussed and the linear equations expressing Hooke’s 
law of elasticity between the six stress and strain components for 
crystals treated. Among the various methods for production of 
single crystals the methods by recrystallization after a critical 
strain hardening, by local crystallization of a powdered metal 
(tungsten), by growing from the molten state, by pulling out of 
the liquid metal, and by sublimation are described. A long 
chapter is devoted to crystal lattices and to the various methods 
of structural analysis by means of X-rays. The mechanism of 
simple and double slip and of twinning in single crystals is then 
described in detail, illustrated by a large number of beautiful 
photographs of slip bands and of the strange local necking phe- 
nomena characteristic for the last stage of deformation of certain 
metal crystals. An instructive addition consists in the numer- 
ous photographic illustrations of model surfaces made of plaster of 
Paris representing the shearing stress at the yield point (Fliessge- 
fahrkoerper) or the modulus of elasticity or the tensile strength 
of single crystals in a kind of a vector diagram (surface) in space. 
Even for the regular system of crystals some of these surfaces 
show unexpectedly large variations in the corresponding variable 
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quantity. The effect of temperature and time is studied. Space 
is devoted to phenomena related to recrystallization and to heat- 
treatment. A chapter is devoted to the theories of the solid 
state of matter and of strain-hardening and one deals with the 
so-called fiber structure in polycrystalline materials due to severe 
cold-working. The book is well illustrated and contains an ac- 
curate description of the most important phenomena related to 
the deformations of single crystals. For a better understanding 
of the fundamental properties of metals upon which their duc- 
tility, strength, and other mechanical properties depend, this 
book will be a welcome source of useful information. 


STaTe OF MATTER 


Some 200 distinguished physicists attended the international 
conference on physics, held in London in 1934 at the Royal Society 
and at the Royal Institution of Great Britain. 

The deviations of the numerical values for certain mechanical 
and strength properties actually determined by tests on reai ery 
tals from the values predicted by the theory of lattices of ideal 
crystals occupy today the center of discussion in connection with 
the theory of the solid state of matter. It was therefore thought 
that it might be of some interest to engineers to have a brief 
summary of some of the papers and discussions, which were 
presented at the London conference in 1934 and are now available 
in print in the second volume devoted to this conference. It has 
been said, and it does not appear improbable, that engineers will 
some day utilize one or the other of the remarkable observations 
which seem to indicate that the natural strength of crystalline or 
amorphous solid bodies under certain conditions can be sub- 
stantially increased. For the writer of this review, as one of 
those who can observe these recent advances only from a dis- 
tance, it seems after glancing over the conference reports that the 
conceptions upon which the computations of strength of crystals 
rest are at the present time in a highly controversial and unsettled 
state. 

The following papers were presented at the conference: “The 
Mosaic Texture of Rock Salt,’’ by P. P. Ewald and M. Ren- 
ninger; “Experimental Evidences of Group Phenomena in the 
Solid Metallic State,” by A. Goetz; “On the Cause of the Low 
Value of Mechanical Strength,” by A. Joffe; “On the Mechanism 
of Brittle Rupture,” by A. Joffe; “The Rupture of Plastic Crys- 
tals,”’” by E. Orowan; “The Structure-Sensitive Properties of 
Salt Crystals,” by A. Smekal; “Shear Hardening and Recrystal- 
lization of Aluminum Single Crystals,” by W. G. Burgers; ‘On 
Plasticity, Crystallographic and Non-crystallographic,” by E. 
Schmid. The conference report is introduced by a short article 
by Sir W. H. Bragg in which he points out rightly, that, this was 
by no means the first conference to discuss the problem of the 
solid state. One of the most striking facts revealed by the X-ray 
analysis is the prevalence of the regularity of arrangement of the 
eiements in the solid state of bodies. On the other hand there 
are important phenomena which are not revealed in X-ray pat- 
terns or are not dependent on the few atoms of the unit cell in a 
crystal; strength, stresses at rupture and at plastic limit, and 
strain-hardening, are only a few of them. The papers are de- 
voted to these important and unknown conditions that affect the 
properties of solids above the regular arrangement of the ideal 
lattices. 

P. P. Ewald and M. Renninger (Stuttgart) report that when 
investigating rock-salt crystals they could not find traces of a 
mosaic structure (that is, of blocks at most 10~4 em) in carefully 
grown artificial samples, while natural salt crystals, freshly 
cleaved or polished were not free of such structural disturbances of 
this magnitude. They conclude that in perfect artificial erys- 
tals no trace of the mosaic structure of the order of 10-4 em can 
be detected by X-ray reflections contrary to the predictions by 
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Darwin, Zwicky, and others, according to which a mosaic or block 
structure should exist in every real crystal. The experiments of 
A. Goetz (Pasadena), however, point in favor of the secondary 
structure and to the fact that the orientation of a erystal per- 
sists even beyond the process of fusion, so that on subsequent 
solidification the same structure reappears. 

A. Joffe summarizes his well-known experiments with rock salt 
in the conclusion that the practical weakness (against rupture) 
consists principally of sharp discontinuities along the surface of the 
body and cannot be ascribed to small internal faults (Griffith), 
Lockerstellen (Smekal), mosaic structure, or the like. His ex- 
periments with Jurkov furnished them new evidence that the 
weakness of glass or quartz should be due to irregularities on the 
surface of filaments, while the same kind of small faults when 
distributed throughout the bulk would not act so. From his ex- 
periments with mica E. Orawan believes that trivial cracks in cut 
edges are the cause of the lowering of the strength of this material, 
while if precautions are taken to avoid cut surfaces so that no 
free edges are present in the region where stresses are high, the 
tensile strength is considerably raised. According to him 
the assumption of a secondary (mosaic) structure in crystals is 
also unnecessary and it leads to impossible conclusions. 

A. Smekal (Halle) critically reviewed the following subjects: 
Stability of lattices, instability of the ideal crystal, laws of crystal 
growth, primary and secondary flaws, and experiments with rock 
salt. Space does not permit the abstracting of the various dis- 
cussions which strengthen further the impression, already 
given, that agreement with regard to the existence or the absence 
of a mosaic, block, or secondary group structure within the lat- 
tice of a crystal could not be reached by the speakers of the con- 
ference. Two very instructive papers by W. G. Burgers (Eind- 
hoven) and E. Schmid (Freiburg, Switzerland) on shear-harden- 
ing and recrystallization of aluminum single crystals and on 
crystal plasticity terminate the volume. 


New Pathways in Science 


By Sir Arthur Eddington, M.A., 
D.Se., LL.D., F.R.S. Plumian Professor of Astronomy and 
Experimental Philosophy in the University of Cambridge. Mes- 
senger Lectures, 1934. The Macmillan Company, New York, 
N.Y. University Press, Cambridge, 1935. Cloth, 53/4  8'/2 in., 
26 pp., and index, 4 plates, $3. 


New PaTHWAyYs IN SCIENCE. 


REVIEWED BY J. ORMONDROYD? 


(THE Messenger lectures delivered in the spring of 1934 by 
Sir Arthur Eddington at Cornell University are collected and 
published in this book. The author considers this collection as a 
disjointed addendum to his previously published popular scien- 
tific treatises, “Stars and Atoms” (1927), “The Nature of the 
Physical World’ (1928), and “Science and the Unseen World’”’ 
(1929). Reference to, and comparisons with, previous state- 
ments made in these books are given frequently in this volume. 
Under these circumstances no attempt is made in ‘‘New Path- 
ways in Science’ to provide a systematic introduction to modern 
scientific ideas. Atomic physics provides the background almost 
exclusively and, except for inevitable allusions, the theory of 
relativity is not discussed. Enough on this subject is given to 
indicate to the reader that the two branches of modern physics, 
atomic theory and relativity, have developed along independent 
paths which are just beginning to converge to a unified road. 
Chapter 1 gives the philosophical outlook of modern science, 
and attempts to relate the scientific picture of the world to the 
“familiar story” in our minds. Chapter 2 is a summary of the 
present outlook on atomic physics. Chapters 3 to 6 deal mainly 
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with laws of the statistical type, with a complete discussion of the 
position of determinacy and casual connections in the new 
physics. The last chapter in this group treats the subject of 
probability which is naturally the mathematical foundation of all 
statistical law making. Chapters 7 to 10 outline the latest 
knowledge in astro-physics. The discussion on the “Cosmical 
Constant” in Chapter 10 leads naturally to a consideration of the 
most fundamental conceptions of physics which are fully treated 
in Chapter 11 under the heading of ‘“‘The Constants of Nature.” 
Eddington himself feels that this chapter is a little too severe and 
difficult for the surroundings in which it finds itself. However, 
its inclusion was inevitable since this subject forms the core of 
Eddington’s intellectual activity of the last five years. Chapter 
12 introduces the ideas of the Theory of Groups, a subject which 
touches the very keynote of scientific philosophy. 

An active thinker who happens to have a pungent tongue is 
certain to stir up discussion. Chapter 13, on “Criticisms and 
Controversies,’ gives Eddington’s answers to some of the philo- 
sophical obstacles which have been put in the path of his reasoning 
in the last few years. 

Chapter 14, the “Epilogue” which closes the spirited tale, is 
written in a religious and penitent mood. The ordinary man in 
Eddington concludes, with evident relief, that physical science 
has at last so definitely delimited itself that the esthetic and 
religious aspects of life may emerge from the threatening shadows 
and blossom in any direction which satisfies the human soul. 
The last words of the book constitute an ‘amend honorable” to 
Newton, who must have turned over in his grave under the 
scathing and heartless satire heaped upon his famous three axi- 
oms in ‘The Nature of the Physical World.” After all, the 
present needed a past to provide its roots and Newton still 
stands, a Titanic figure, looming up in that misty darkness which 
is swiftly enveloping the older gods. 

To sum up the book with perfect honesty the reviewer usually 
does not know what Eddington is talking about but he always 
likes the way in which it is said. 

Engineers who read this book will enjoy it much in the same 
manner as they enjoy a performance by any clever prestidigitator. 
The logical sequence of events which bring about the effects 
remains hidden but the effects themselves are more than marvel- 
ous and Eddington provides that continuous stream of epigram- 
matic, brilliantly humorous patter so necessary to the business of 
public entertainment. 

Many philosophical physicists, Planck, Bohr, Jeans, as well as 
Eddington, have attempted to stoop low enough to lift the layman 
up to a level where he can have a bowing acquaintance with 
modern physics. They succeed only in making a formal intro- 
duction followed by interpretative eulogies without ever produc- 
ing the “‘thing itself.””, They cannot produce it for us because it 
consists only of “‘symbols connected by mathematical equations.” 
It is the product of mathematicians for the consumption of mathe- 
maticians. As at the Academy in ancient Athens only those 
who know mathematics are admitted to the actual presence. 
Pictures are no longer possible and scientific model making has 
become worse than a crime—a meaningless blunder. But by the 
very nature of our profession we are hopelessly model-minded. 
Perhaps Lord Kelvin was the last great physicist whom we could 
expect to understand. Eddingtori, somewhere in his book, has 
called the classical physicists engineers, simply because he could 
imagine nothing worse to fling at them. 

“‘Mass is equivalent to energy.”’ ‘Mass (energy) is a curvature 
in space-time.” ‘Force is the difference between an assumed 
geometry and the real geometry of a space.” “Electrons are 
waves of probability.” ‘“The position and velocity of an electron 
cannot both be measured with the same high accuracy at the same 
instant, therefore, the principle of causality vanishes.” These, 


and many other phrases, undoubtedly stick in the minds of 
readers of popular scientific treatises, mainly because they strike 
the sense of the bizarre. But, after all, they are meaningless 
phrases waiting to receive solid content. 

Perhaps the reviewer paints the picture too darkly. Many 
of the ideas of modern physics find our minds prepared for ac- 
quiescence. That all we know physically reduces to “pointer 
readings” is a familiar fact of engineering. That only “inter- 
vals’ can be measured seems natural enough, although our stub- 
born belief that there is something absolute about rotation indi- 
cates that we really miss the point here. That the process of 
measurement can profoundly influence the magnitude of the 
quantity measured is a commonplace in engineering experimenta- 
tion. Under these circumstances functional relationships be- 
tween the measured quantities cease to be useful. Indeterminacy 
and its philosophical consequences are almost within the grasp of 
our usual mental outlook. 

The popular treatises do hint at the road to complete under- 
standing. All that we require in order to turn modern physics 
from a series of empty phrases to something functionally real is a 
knowledge of partial-differential equations, transformation of 
coordinates, calculus of variations, probability, non-Euclidean 
geometry, matrix theory, tensor analysis, and the theory of 
groups. Here time alone stands in the way, not lack of intellec- 
tual ability. One wonders why mathematics has escaped at- 
tempts at popularization in these days when all the other sancta 
have been thrown open to the public. 

From the philosophical standpoint we are somewhat handi- 
capped in our consideration of this third revolution in physical 
outlook by having remained blissfully ignorant of the philosophies 
of the first two modern scientific upheavals. When Galileo, 
Newton, and their contemporaries were turning Greek mechanics 
from a mass of meaningless words into a body of effective results 
they used and expressed an underlying philosophy which would 
be understood by the modern engineer if he ever took the trouble 
to become aware of its existence. Similarly the ‘‘age of coordina- 
tion” which produced the generalized principle of the conserva- 
tion of energy and the theory of thermodynamics gave rise to 
philosophical interpretations which remain a closed book to 
most of us. 

As long as engineering is defined as a technical trade, and not as 
an intellectual profession, those who practice it will be doomed to 
read such books as ‘“New Pathways in Science” merely for mysti- 
fied amusement. 


Theory of Functions 


THEORY OF FUNCTIONS AS APPLIED TO ENGINEERING PROBLEMS. 
By R. Rothe, F. Ollendorff and K. Pohlhausen. Technology Press, 
Cambridge, Mass. 1933. Cloth, 6 X 91/2 in., 184 pp., 108 figs., 
$3.50. 


REVIEWED By J. C. HUNSAKER? 


Tus little book of 184 pages is the authorized translation by 

Alfred Herzenberg of ‘‘Funktonien theorie und Ihre Anwen- 
dung inder Technik,” published in Germany in 1931 by Julius 
Springer. The material was first presented by the Ausseninsti- 
tute of the Berlin Institute of Technology in 1929-1930, jointly 
with the Berlin Electrical Engineering Society, in an effort to 
present together the mathematical theory of functions and its 
applications. R. Rothe, in the first 83 pages, develops the 
general mathematical theory and the principal theorems and 
principles necessary for the practical use of function theory. 
This is followed by five sections on applications: (a) the con- 
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struction of electric and magnetic fields by means of source-line 
potentials; (6) two-dimensional fields of flow; (c) field distribu- 
tion in the neighborhood of edges; (d) complex treatment of elec- 
tric and thermal transient phenomena; (e) spreading of electric 
waves along the earth. 

The material on applications is naturally very largely in the 
field of electrical engineering, with the exception of Pohlhausen’s 
chapter on fluid mechanics. However, the great value of the book 
lies in its compact and straightforward development of the 
mathematical tools obtained from function theory with their use 
illustrated by examples. The mechanical engineer might prefer 
to see the applications made to problems in elasticity, vibration, 
acoustics, and heat flow. However, the applications that are 
given cover a wide range of problems from the electric, magnetic, 
thermal, hydrodynamic and aerodynamic fields. 

The exposition, in the opinion of a mathematical colleague, 
is “simple, sufficiently thorough, and should be followed without 
undue difficulty by any one familiar with calculus.’’ An engineer- 
ing colleague, on the other hand, finds the treatment highly com- 
pressed and demanding a comprehensive familiarity, if not facil- 
ity, with advanced calculus. The fundamental conceptions of 
line and hook integrals, Heaviside operational calculus, con- 
formal mapping of Riemann surfaces, etc., are developed in a few 
paragraphs each, and in W. Schottky’s chapter a vectorial 
notation is employed in discussing the properties of potential 
fields. 

The book may be considered both as an introduction to fune- 
tion theory and as a reference text for engineers concerned with 
the theoretical analysis of fluid flow, wave propagation, and the 
configuration of fields of force. As such, it should prove stimu- 
lating and useful to mechanical engineers interested in learning 
the use of some of the tools and methods very generally em- 
ployed in physics. 


Hydro- and Aeromechanics 


FUNDAMENTALS OF HyprROo- AND AEROMECHANICS, VoL. 1 AND 
AppLigp Hypro- AND AEROMECHANICS, VoL. 2. Based on 
lectures by L. Prandtl of Géttingen. By O.G. Tietjens with Eng- 
lish translation of vol. 1 by L. Rosenhead and vol. 2 by J. P. Den 
Hartog. Engineering Monograph Series. McGraw-Hill, New 
York, 1934. Cloth, 53/4 X 9 in., vol. 1, 270 pp., 186 figs., $4; vol. 
2, 275 pp., 311 figs. including 226 figs. in text and 68 on supp. 
plates, $4. 


REVIEWED BY F. WaTTrENDORF* 


THs book, one of the Engineering Societies Monograph 

Series, is an English translation of the book ‘Hydro- und 
Aeromechanik,” based on lectures by Prof. L. Prandtl of Gét- 
tingen, by Dr. O. G. Tietjens, one of his former assistants. 

The book appears in two volumes. Volume 1, translated from 
the German by Dr. L. Rosenhead, is entitled ‘“Fundamentals of 
Hydro- and Aeromechanics,” and presents the basic theories of 
fluid statics, as well as perfect and viscous fluid motion. 
Volume 2, translated by Dr. J. P. Den Hartog, is entitled “Ap- 
plied Hydro- and Aeromechanics,”’ and deals with the mechanics 
of real fluids with technical applications. The material is pre- 
sented in such a way that each volume can be used independently 
of the other. 

In keeping with the spirit of Professor Prandtl's lectures, the 
book gives the reader a clear physical picture of the fundamental 
principles underlying the various theories, unobscured by masses 
of detail. In most cases one or two practical examples are given 
for the purpose of illustrating each principle, information of a 
statistical nature being avoided as much as possible. 


* Research Fellow in Aeronautics, California Institute of Tech- 
nology, Pasadena, Calif. 


The first volume is divided into three parts. Part 1, ‘The 
Statics of Liquids and Gases,” presents classical hydrostatic 
theory, with application to the equilibrium and stability of the 
atmosphere, and to the static equilibrium and stability of bal- 
loons. A short section on surface tension is also included in 
Part 1. Part 2, “Kinematics of Liquids and Gases,’ deals largely 
with the Eulerian and Lagrangian methods of describing perfect 
fluid flow and includes a section on vectorial representation of 
fields of flow. Part 3, ‘““The Dynamics of Non-Viscous Fluids, 
gives the fundamental concepts and theorems of potential flow, 
including conformal transformation and vortex motion. One 
short section is devoted to the influence of compressibility on 
potential flow and another to energy and momentum theorems, 
with a discussion of the impulse propeller. The final chapter of 
the volume treats the derivation of the Navier-Stokes equation 
for viscous flow. In this one case the American edition differs 
from the German in that this chapter was a part of Volume 2 in 
the German edition. 

Volume 2 deals with the application of hydrodynamic theory 
to the flow of real fluids. It begins with a physical interpretation 
of viscosity, and the relationship between viscous and inertia 
forces, on which the law of similarity is based. After this intro- 
duction there follows a section on flow in pipes and channels. 
This is a well-organized treatment of the subject, beginning with 
the early experiment of Hagen and Poiseuille, the classical work of 
Osborne Reynolds on the transition between laminar and turbu- 
lent flow, and extending through the work of Nikuradse and 
Dénch on convergent and divergent channels. 

There follows a section on boundary layers, which is in close 
accordance with Prandtl’s well-known lectures on the subject. 

The next topic considered is the resistance of bodies moving 
through fluids. A clear picture is given of the various physical 
components of drag, and their relative importance for various 
bodies and flows. 

This is followed by a well-presented treatment of airfoil 
theory, including both two-dimensional and three-dimensional 
theory, with application to multiplanes, and a short discussion of 
wind-tunnel interference. 

The concluding chapter, a well-written summary of experi- 
mental methods and apparatus as used in modern aerodynamic 
laboratories, is not based on Prandtl’s lectures, but has been 
added by Dr. Tietjens. The book closes in a fitting manner with 
a series of interesting flow photographs. 

The translations into English have been made in an excellent 
manner by Dr. Rosenhead and Dr. Den Hartog. Much credit 
is due Dr. Den Hartog for his choice of suitable words for difficult 
and hitherto untranslated technical expressions of recent origin. 


Photoelasticity 


FESTIGKEITSLEHRE MITTELS SPANNUNGSOPTIK. By Ludwig Féppl 
and Heinz Neuber. R. Oldenbourg, Munich and Berlin, 1935. 
Board, 5'/2 X 8'/2in., 115 pp., 80 figs., 6.60 rm. 


REVIEWED By E. WEIBEL® 


‘THE possibilities of the photoelastic method are being in- 

creasingly realized both as an aid to the practical designer and 
for the more detailed study of stress distribution in problems for 
which mathematical methods are insufficient. Until now the 
“Treatise on Photo-Elasticity” by E. G. Coker and L. N. G. 
Filon, published by the Cambridge University Press, 1931, has 
been the only textbook for reference on the subject. Although 
not to be compared in size with the English work, the present 
volume contains the essentials of the photoelastic theory as well 
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as a few sections of heretofore unpublished material. The authors 
who are capable exponents of the theory of elasticity have drawn 
upon the results of their photoelastic experiments extending over 
a period of six years in the Mechanical-Technical Laboratory at 
Munich. 

The book is divided into four chapters, the first of which covers 
fundamentals of the photoelastic method. The use of glass 
models and of compensation methods of measuring maximum 
shear stress at many separate points are current practice in 
Germany and are described. Some reference is also made to the 
use of more active optical materials such as bakelite and phenolite 
as used in this country. 

The second chapter, on the complete determination of stresses, 
describes the lateral-extensometer method and Filon’s graphical- 
integration method of determining principal stress values, and 
then presents the theory underlying Neuber’s new graphical 
method which was discussed in his recent paper. (See Trans. 
A.S.M.E., 1934, paper APM-56-17, p.. 733.) The membrane 
analogy also is presented as a supplement to tie photoelastic 
method for the complete determination of stresses. 

In the third chapter three special problems in photoelasticity 
are given mathematical treatment. The course of principal 
stress trajectories is derived for the region around a singular point 
or points at which the principal stresses are equal. The second 
problem is that of the effect of Poisson’s ratio in the interpretation 
of photoelastic results. It is known that for most cases the 
stresses are independent of the elastic constants, but that for 
certain types of loading of multiply connected bodies a correction 
is necessary. The authors show that in problems which are 
important enough to warrant the extra work the correction 
stresses can be found by making supplementary photoelastic 
experiments on models which have been slit from outer to inner 
boundary and which have had known displacements applied at 
the slit. The third study considers those stress cases for which 
the stress trajectories satisfy the equations for stream lines in 
fluid motion. A limited number of simple problems would ap- 
pear to meet these conditions. 

In the fourth and last chapter a number of applications of the 
photoelastic method are discussed and illustrated. The authors 
include a few fringe photographs, the models for which were made 
of trolon, a synthetic resin available in Germany, with satisfac- 
tory optical properties but mechanically inferior to bakelite and 
phenolite. 


Conjugate Functions for Engineers 


~ 


‘ONJUGATE FUNCTIONS FOR ENGINEERS. By Miles Walker, M.A. 
(Cantab.), D.Se. Eng. (London), F.R.S. Sometime Professor of 
Electrical Engineering in the Faculty of Technology, University 
of Manchester. Oxford University Press, London, 1933. Cloth, 
116 pp., 92 figs., $4.75. 


REVIEWED BY J. C. HUNSAKER?® 


R. WALKER is an electrical engineer who has undertaken to 
develop in this little book the details of conformal trans- 
formation, and to give what is essentially a mathematical ma- 
nipulation an appearance of physical reality. In this, the author 
has shown great ingenuity and patience in following through a 
series of simple steps to establish a procedure which is then 
applied to the solution of a series of problems. 

The first 31 pages consist of a consideration of a two-dimen- 
sional field of force (magnetic, electric, pressure, thermal) 
simplified to a pattern of lines of force and of flux which are con- 
tinuous and without vortices. Consequently, only a steady- 
state potential field is involved. The fundamental conceptions 
of potential are developed by use of the line integral, and it is 
shown that the equipotential lines are at right angles to the 


stream lines and that the force at any point is the space gradient 
of the potential. 

This orthogonal system of lines is then shown to be identical 
in pattern with the system of lines that results from plotting 
certain functions of a complex variable known as conjugate 
functions. This analogy is very properly taken as merely a 
fortunate property of the mathematical tool available. A brief 
résumé is then given of complex algebra and the plane of numbers 
in which the imaginary square root of minus one, or j, is treated, 
by definition, as an operator, which rotates a vector 90 deg. 
De Moivre’s theorem is quoted in order to permit the use of 
complex exponents. The conditions that a complex function 
may be “‘analytic’” and its real and imaginary parts “‘conjugate,”’ 
are deduced mathematically and illustrated graphically. The 
point is made ti.at where w = f(z) = ¢ +7 y, the transformation 
of a pattern on a z-plane (coordinates z and j y) to a truly cor- 
responding pattern in the w-plane (coordinates ¢ and j ) re- 


1 d 
quires that = be independent of the slope of dz or of = This is 
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precisely the requirement that ¢ and y¥ must satisfy to be classed 
as “conjugate functions.’”’ Consequently a plot of conjugate 
functions is shown to represent on the w-plane the pattern of 
potential and flux on the z-plane. 

Up to this point, the reader has followed a clear path of reason- 
ing but now he must make a leap in the dark and accept as an 
historical event (Schwarz in 1869 and Christoffel in 1867) a 
differential equation stating the nature of the change in a func- 
tion of z, bounded by any straight-sided figure, in order that 
this boundary may be transformed into one straight line in the 
w-plane. It is possible that this acceptance of the Schwarz- 
Christoffel theorem saves the engineering reader time and 
difficulty if his only object is to learn a practical procedure 
for working out flow patterns, but he may resent the publishers 
statement: ‘This book explains the method in such simple 
language that even the author can understand it.’’ However, 
the “method” to be used is very clearly illustrated in a series of 
thirteen problems whose detailed solutions make up the balance 
of the book. 

These problems are all in the field of electrical engineering, 
such as: Current fed into one point of a thin conducting sheet; 
current between cylinders standing in a solution; current flow 
around corners; magnetic flux across an air gap; dynamo slots, 
ete. Similar solutions can be worked out for corresponding ideal 
two-dimensional problems in elasticity, hydromechanies and 
heat flow, but the mechanical engineer rarely has reason to at- 
tack such idealized problems. Had the worked examples been 
chosen more liberally and included the classical fields of force 
and flow in applied mechanics, interest in a very skillfully con- 
trived exposition would be more general. 


Practical Solution of Torsional 
Vibration Problems 


PracticaL oF TorsIONAL VIBRATION PrRoBLEMS. By 
W. Ker Wilson, M.Sc. John Wiley & Sons, Inc. New York, 
1935. Cloth, 5'/2 X 8!/2in., 438 pp., 106 figs., $7. 


REVIEWED BY R. EKsERGIAN® 


‘THE increasing applications of internal-combustion engines 

and their peculiar susceptibility to critical torsional vibra- 
tions has brought forward the analysis of torsional vibrations as a 
major problem in design. The theory of torsional vibrations for 
engine installations is by no means a simple problem, and for 
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this reason approximations and simple computation methods 
assume importance in practical design. 

Mr. Wilson’s book is particularly commendable from this 
latter point of view. Chapters 1 and 2 are devoted to natural- 
frequency calculations of typical engine installations as well as 
their approximations to two- and three-mass systems. In the 
tabulation method for multi-mass systems for one- and two-mode 
vibrations, the author introduces a column for stresses per de- 
gree of deflection at the end mass. These data are later used in 
the determination of forced oscillation stresses. 

In Chapter 4, Mr. Wilson gives a method for determining 
stresses at non-resonance conditions on the basis of ‘equilibrium 
amplitudes” and amplified by a ‘dynamic-magnifier factor.’ 
While it is difficult to accept his proof for a multi-mass system 
by the simple system he uses, the subsequent formula and applica- 
tions, using the equilibrium factor and dynamic magnifier, really 
suggest the theory of normal coordinates to practical applica- 
tions in the calculation of non-resonance stresses in torsional- 
vibration problems. 

In estimating the effect of the exciting forces, the author ap- 
parently deals singly with individual modes; whereas, actually 
in estimating the resultant amplitudes and total stresses it is 
necessary to consider the relative excitation of the several modes 
of oscillation of the system and their phase relations. Due to the 
proximity of the forced frequency with the primary natural 
frequency for a system with heavy fly-wheel and distributed 
crank masses, Mr. Wilson’s numerical calculation shows good 
agreement with the tabulated method for forced oscillations. 

Frequently in multi-mass systems for good approximations 
it is only necessary to consider the first and second modes due to 
the rapid convergence of the higher modes, and sometimes only 
the first mode alone. This is true because of the relative im- 
portance of this mode, particularly when the excitation is power- 
ful with respect to it and the higher modes are far removed from 
it. 

In Chapter 5, resonance stresses are obtained by the usual 
method of equating the work of the exciting forces to those of 
the damping forces. Where these stresses are at resonance with 
a given mode, simplification is effected due to the quadrant 
phase relation between the excitation forces and displacement 
amplitudes. This chapter offers much interesting detail in 
various damping components. 

The remaining chapters are devoted to the measurement of 
torsional-vibration amplitudes and stresses with various types of 
torsiographs, and a discussion of torsional-vibration damping 
devices. A welcome feature is the interpretation and investiga- 
tion of actual torsiograph records and some detail discussion on 
flexible couplings. 

In the final chapter which is of an elementary nature a brief 
discussion is given on electrical generating sets direct coupled 
to internal-combustion engines. 

On the whole, the work is a valuable contribution to the 
literature. Not only are clear-cut and well-balanced discus- 
sions given to the various factors on torsional-vibration analysis 
with illuminating examples and worked-out data, but the author 
introduces an ingenious method of analysis as well. 


The Story of Energy 


Tue Story or EnerGy. By Morton Mott-Smith, Ph.D. Appleton 
New World of Science Series. D. Appleton-Century Company, 
Inc., New York, 1934. Cloth, 5 X 71/2 in., 290 pp., 33 figs., $2. 


REVIEWED By J. ORMONDROYD? 


HIS little book should hold great interest for engineers since 
it tells a half-familiar tale. It outlines the history of prime- 
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mover development including the practical, theoretical, and 
philosophical aspects of the subject. The subject matter divides 
itself into three sections. 

Chapters 1 to 6 consider the development of steam engines 
from Hero to the work of James Watt and includes the advances 
made by some of the lesser contemporaneous successors of that 
great inventor. This section ends with a detailed account of the 
analysis of the motive power of heat which Sadi Carnot pub- 
lished in 1824. Carnot saw the problem so clearly that he 
prophesied correctly the future steps needed to improve the 
performance of heat engines. But he was limited in his achieve- 
ments by the caloric theory of heat and by early death. The 
complete theoretical outlook used today was fashioned by other 
and later hands as is outlined in the next section. 

Chapters 7 to 17 trace the rise of the generalized doctrine 
of the conservation of energy and consequent formation of the 
theory of thermodynamics. These chapters give the tragic 
story of Mayer’s labors in this field and outline the happier parts 
which Joule and Helmholtz played in the same drama. Chapter 
15 shows the idea of energy conservation growing inevitably 
from human experience; slowly gathered first in the guise of 
animism, then in religious form and finally through magic to the 
modern scientific outlook. Chapter 16 describes the recon- 
ciliation of the apparently contradictory principles of Carnot 
and Joule by Clausius, and the creation of modern thermo- 
dynamics from this by Clausius and Thompson. The last 
chapter of this section is dedicated to that mysterious and 
exciting ‘‘arrow of time,” entropy. 

Chapters 18 to 20 describe various cycles and engines 
which have actually been developed to transform heat into 
mechanical work in the last seventy years. Air engines, steam 
turbines, and internal-combustion engines are reviewed histori- 
cally. The book ends with a description of mechanical refrigera- 
tion. 

In carrying out the program outlined in the title, the author 
gives an understandable statement of the philosophy of classical 
physics interwoven with the evolution of thermodynamic theory 
and practice. The historical parts are unusually complete. 
Important passages from the papers of Carnot, Mayer, and others 
are quoted in extenso. A rather complete bibliography of the 
original publications in the field treated is given in the footnotes 
and at the end of the book. 

A few factual errors must be noted. Heat engineers will be 
surprised to find the critical temperature and pressure of water 
noted respectively as 689 F and 2947 lb per sq in. on page 40 
and in Fig. 8. This surprise may turn to amazement as they 
read that impulse and Rateau turbines are now practically ob- 
solete having been completely displaced by Parson’s reaction tur- 
bine (page 256) and that the maximum inlet pressure for reaction 
turbines is 250 lb per sq in. (page 257). Isolated facts, however, 
are only incidental to the purposes of the book, which does not 
pretend to be a technical text, and these slips would seem to arise 
from the use of somewhat obsolete reference material on the part 
of the author. 

Historians of science certainly would not connect Descartes’ 
theory that the quantity of motion in the universal remains 
constant with the impact experiments of Wallis and Huygens 
(page 81) who published their findings on this subject some 
nineteen years after the great philosopher’s death. Descartes, 
according to his own lights, found a more satisfactory basis for 
this theory in the infinite wisdom of God rather than in mere 
experimental results. 

In a popular work these defects have minor importance. 
Engineers who read this book will agree with the reviewer that 
it is entertaining and highly instructive. 
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Journal Bearing Performance 


By R. BAUDRY! anv L. M. TICHVINSKY,? EAST PITTSBURGH, PA. 


This paper contains an application of the hydrodynami- 
cal theory of lubrication to the practical design of journal 
bearings. In a simplified method satisfactory for most 
engineering applications the authors consider the journal 
bearing asa plane bearing. Then correction factors make 
allowance for (1) the type of the journal bearing, (2) the 
shape of the oil film and width-length ratio of the bearing, 
and (3) the losses in the nonactive parts of the bearing. 

In a more accurate method, the same correction factors 
are applied to the rather complete data published on jour- 
nal bearings of infinite width. It is also shown that the 
clearance of the bearing can vary between rather large 
values and still maintain closely optimum conditions of 
performance of the bearing. Results of tests are shown 
to be in close agreement with these methods of calcula- 
tion. 


INTRODUCTION 


LTHOUGH the hydrodynamical theory of lubrication 
A was developed a long time ago, the design of modern bear- 

ings is still based to a great extent upon empirical data. 
Theoretical analysis considers only an ideal bearing which is 
never realized in practice. Even for this ideal bearing the analy- 
sis is very complicated, particularly for the case of journal 
bearings. 

Furthermore, deformation of the bearing produced by load 
and nonuniform temperature distribution, accuracy of ma- 
chining, and degree of finish are important factors which cannot 
be well introduced in any theoretical analysis. 

Although many laboratory tests of bearings verify satis- 
factorily the hydrodynamical theory, these tests are only of 
small help in the design of large bearings. Improvements in 
the design of bearings can only be made by means of tests dupli- 
cating as much as possible the normal conditions of operation 
and manufacturing. Much useful information may also be 
gathered from tests on bearings of machines in normal opera- 
tion in order to verify the losses and temperature distribution. 


BEARING OPERATION 


The operation of a journal bearing is better understood by 
considering first the operation of the plane bearing such as shown 
in Fig. 3 (1). The simplest theory usually assumes that (a) 
the bearing is of infinite width, (6) the lubricant is of uniform 
viscosity throughout the oil film, and (c) the inlet and outlet 
pressures are both equal to atmospheric pressure. In Fig. 4 are 
given the coefficient of friction, oil-film thickness, oil flow and 
temperature rise of the oil going through the oil film, for various 
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ratios of h;/h,. In this ideal case, the line of action of the load 
can be located at a certain distance back of the center of the 
bearing which will give either the maximum oil-film thickness or 
the minimum coefficient of friction. 

The assumption of infinite width is obviously never met in 
practice. Michell (2) has given a theoretical solution of the 
rectangular-plane bearing for uniform viscosity through the oil 
film and uniform pressure at the edges. In this case the flow of 
oil is two-dimensional; the effect of the side leakage increases 
the coefficient of friction and decreases the oil-film thickness as 
shown in Fig. 5. The increase in temperature rise of the oil and 
the change in flow of oil at the inlet and outlet are given in Fig. 6. 

The viscosity of the oil decreases with the increase in tem- 
perature as shown in Fig. 7. R. O. Boswall (1) has shown by 
assuming a simple law of viscosity variation with temperature 
that it was permissible to consider only the average temperature 
of the oil through the film. 

Bearings are made also with a rounded edge or sometimes with 
a small chamfer at the inlet so that due to the momentum (4) of 
the oil, the pressure at the beginning of the film is not equal to the 
pressure at the outlet as assumed. This, together with the 
variation of viscosity, produces a displacement of the line of 
action of the load toward the center as shown by tests (3, 5). 
Experience also shows that a centrally loaded plane bearing 
operates satisfactorily. This simplifies manufacturing and 
permits operation of a machine in any direction of rotation. 

A. Kingsbury (6), also assuming a journal bearing of infinite 
width, uniform viscosity and boundary pressure, has given a 
complete analysis of the optimum conditions of operation of 
journal bearings. He shows how the different elements of a 
bearing can be determined so as to have either a minimum co- 
efficient of friction or a maximum load which can be carried on 
the basis of a given minimum oil-film thickness. The curves 
shown in Fig. 8 give the minimum coefficient of friction and 
corresponding oil-film thickness which can be obtained from a 
journal bearing of correct proportions as compared with a plane 
bearing operating under the same conditions. 

S. J. Needs (7), by the use of an electrical analogy, has made a 
theoretical analysis of the 120-deg central partial bearing of finite 
width. In a discussion of his paper (8) it was shown that the 
values of leakage factors so obtained were in close agreement 
with the assumptions previously made, thus showing that the 
leakage factors calculated for plane bearings can be applied 
with sufficient accuracy to journal bearings. Many authors are 
applying to the journal bearing the leakage factors calculated by 
Michell, Boswall, and others for the plane bearing. In this case 
it is assumed, as is usually done for the plane bearing, that the 
inlet-outlet ratio of the oil film is constant and equal to 2.5, and 
the length of the oil film is equal to the developed length of the 
bearing arc. 

In Fig. 8 it is seen that particularly for small angles the opera- 
tion of a journal and of a plane bearing are nearly the same. Bos- 
wall (3) has also made tests showing that journal bearings be- 
have in the same way as plane bearings. For example, a fitted 
bearing (smaller than 90 deg and with round, beveled, inlet edge) 
can be operated satisfactorily with a central load contrary to the 
simplified theory. No complete theoretical analysis of the side 
leakage for the journal bearings has yet been made on account of 
its complexity as compared with a plane bearing. Actually, 
the shape of the oil film, i.e., the inlet-outlet ratio and the active 
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Fie. 1 Tse Test Set-Up or Tue 6-In. X 12-In. JouRNAL BEARING 


(Left to right are the high-pressure pump for loading the bearing, the driving motor, oil water cooler, and electrical meters. 


and housing are overhung on the journal. 


The bearing shell 


The lever arm and scale for torque measurement, thermocouple distributor, and potentiometer are seen 


on the right.) 
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Fie. oF Friction or 6 In. X 12 In. 90-Dea CENTRAL 


ParTIAL JOURNAL BEARING, /r = 0.0015 


(For curve No. 1 it is assumed that the journal bearin, ng operates similarly to a 
beari bearing, curves for which are 


of journ: 


ng. Allowance is made for the Jy ty 
actor is the same as for a plane 


shown in Fig. 8. The constant leakage 


having a length equal to the developed bearing 
coefficient of friction is proportional to ¥(ZN/P)). 
theoretical analysis for a journal nncape y Tey infinite width given in Fig. 10. 
tive ee of the oil film, the shape of 

of leakage factor Ry change with load, speed, and viscosity ZN/ Pj.) 


length, change with the speed, load, and viscosity (ZN/P;). The 
position of the journal relative to the bearing iagletermined by the 
eccentricity and the angle between the line of centers and the 
direction of the load as shown in Fig. 9. 

Rather complete data are available (6, 9, 10) for different kinds 
of journal bearings of infinite width. 

In Figs. 10, 11 and 12 are given characteristics of central clear- 
ance partial bearings 90-deg, 120-deg, and 180-deg angle. In 


bearing 
arc and a ratio hi/ho = 2.5. The 
Curve No. 2 is obtained from 
The ac- 
e oil film hi/ho, and the corresponding value 


From this value of the eccentricity can be found: 


1 The coefficient of friction = K’, /ZN/P, P, 


2 The minimum oil-film thickness h, = K's, VZN/P, 

3 The position of the center of the journal a 

4 The ratio h,/h, 

With this knowledge of the shape of the oil film (a and 
h,/h,), it is possible to determine more accurately the 
leakage factor for friction and oil-film thickness. 

The length of the bearing should be taken equal to the zone of 
positive pressure of the oil film. In partial bearings of a small 
angle, this zone extends from the beginning of the bearing arc in 
the direction of rotation to a point approximately half way be- 
tween the point of nearest approach and the end of the bearing 
arc. 

The curves in Figs. 10, 11, and 12 show very clearly the opti- 
mum condition for operation of a bearing.. They show also 
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that the coefficient of friction and the minimum oil-film thickness 
do not change appreciably with a rather large variation of the 
clearance ratio, showing that a bearing with a given clearance 
ratio will operate near the optimum condition over a wide range 
of loads and speeds. For example, for a range of ZN/P; be- 
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tween 80 and 300, the coefficient of friction of a 90-deg bearing 
will not vary more than 2 per cent and the oil-film thickness more 
than 1 per cent from the possible theoretical minimum. This 
small variation of the coefficient of friction and minimum oil-film 
thickness with a rather large change of the clearance ratio has a 
very practical aspect from the manufacturing and operation 
standpoint. It makes possible the use of a constant clearance 
ratio over a large range of operation while still remaining near 
the optimum condition of friction and oil-film thickness. In 
Fig. 13 are shown the optimum clearance ratios for 90-deg, 120- 
deg and 180-deg central partiai clearance bearings. They agree 
very well with existing practice for electrical machines (ZN /P; < 
100) and for high-speed steam turbines (ZN/P; > 100) where 
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clearance ratios of 0.001 in. per in. and 0.002 in. per in., respec- 
tively, have been used for many years. 

A sufficiently accurate value of the losses in the nonactive 
parts of the bearings (upper half, oil throwers, etc.) can be ob- 
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Fig. 8 MintmuM CokFFICIENT OF FRICTION AND CORRESPOND- 
ING O1L-F1Lm THICKNESS IN BEARINGS OF INFINITE WIDTH (6) 


50 160 


(1) Plane bearing = 
D .|ZN D 
= 0.000159 e/— =0.0000345 L ¢/— ¢/—— 


(2) Journal bearing 


= 0.000159 Jz ho = 0.0000345 Jil 
Pr l Pr 


where Pr is the unit pressure on the developed bearing surface. 
Usually for journal bearings the unit pressure is referred to the 
projec area on the diameter, in that case the following for- 
mulas should be used: 


ZN =r ZN 
= 0.000159 Jy ho = 0.0000345 Jn 0 — 
f 0 59 Jy Pj h 180 1 P; 


POINT OF 
NEAREST APPROACH 


Fie. 9 CrntTraL Loap ParTIAL CLEARANCE BEARING 


tained by assuming that the clearance of these points is uniform 
and filled with oil. The losses can then be calculated by con- 
sidering a uniform shear as shown in Table 1. It was shown by 
the authors when this paper was presented in more complete 
form at the Annual Meeting, 1934, of The American Society of 
Mechanical Engineers, that in a 30-in. X 60-in. journal bearing, 
the losses in the nonactive parts amounted to approximately 10 
per cent of the total bearing losses. 


TEMPERATURE CONDITIONS 


The satisfactory operation of a bearing is usually determined 
by its maximum temperature. In connection with electrical 
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apparatus it is limited to 80 C in the oil well or a 40-deg rise above 
40 C ambient. 

Due to friction, the temperature of the oil film increases be- 
tween the inlet and outlet. Boswall (1) has shown that in the 
calculation of the bearing performance the average tempera- 
ture of the oil film can be used with a fair degree of accuracy. 

In Fig. 4, ¢ gives the temperature rise through the oil film for a 
plane bearing of infinite width. This curve has been calculated 
for an oil having a specific heat of 0.46 and specific weight y of 
0.9. 

In Fig. 6, R, gives the correction factor for the temperature 
rise of the oil in the oil film for the case of a rectangular plane 
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TABLE 1 CALCULATION OF BEARING PERFORMANCE 


Infinite width 
hi/ 


= 2.5 
Min oil-film thickness he, 000008451, ZN 
Flow of oil: 
Inlet Vi, cu in. per sec. 1.43 Othe 
Leakage VL, cu in. per sec rT 0 


Plane bearings ~ 


1.437 (Ret — Reo)bho 


—Journal bearings 


Rectangular Characteristic cor- General 
hi/ho = 2.5 responding to min characteristic 
coef of friction 
0.000159Ry ZN 0 .000159RyJy ZN ZN 
Vi P- Pj Pj 
L Py P; VP; 
Jf K’sky_ 
0.025RtP 
tPr 0.025R: 0.00658 Kove 
1. 435 Rvibho 43 Reid hbho ReiKvhob 


1.43 — (Rei — Reo) Kehob 


Shear force on oil films, lb = 1.45 X 10-7 (ZAU/h). This force is that necessary to move at a velocity U, a plane of area A, separated from a stationary 


larger plane by an oil film of uniform thickness A and uniform viscosity Z. 
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Fie. 12 CHARACTERISTICS OF 180-DeG CreNTRAL PARTIAL 
BEARING OF INFINITE WIDTH 


bearing. For, journal jbearings calculated as plane bearings, 
allowance must also be made for the higher coefficient of friction 
and the smaller oil-film thickness as compared with plane bear- 
ings. In this case, with additional correction factors used (see 
Figs. 4 and 10) the temperature rise through the oil film of a 
journal bearing is 


P 
t; = 0.00658 —4 —t 
K's, Ra, 


The average temperature of the oil film is equal to the tempera- 
ture of the inlet oil plus t/2. It is to be noted that the tempera- 
ture of the inlet oil film is not equal to the temperature of the 
oil supplied to the bearing. There is a film of hot oil which ad- 
heres to the shaft and is continuously recirculated. This film is 
cooled outside the active oil film, the make-up for the oil leakage 
being added at the inlet. 

It should be noted that for a given bearing the temperature 
rise of the oil is a function only of the unit pressure and inde- 
pendent of speed and of viscosity of the oil. 

The average temperature of the oil film in bearings cooled by 
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means of circulating oil is usually only slightly higher than the 
temperature of the bearing shell. It can be easily seen that the 
heat-transfer rate between the oil film and the bearing shell is 
much higher than between the latter and the ambient air. This 
is particularly true when the area of contact between the bearing 
shell and bearing housing is very small. A. Kingsbury has given 
an exact method of calculating the temperature distribution 
through the oil film (11). A simpler approximate method can be 
used to determine the average temperature of the oil film by 
considering the flow of heat through the oil film which is as- 
sumed to be of a uniform thickness equal to the average as in a 
guide bearing. In a guide bearing where there is a uniform 
clearance, the shear of the oil is uniform throughout (assuming 
uniform viscosity which is approximately true for small tem- 
perature variation). The same quantity of heat Q flows from 
the oil film to the bearing shell and from the latter to the am- 
bient air by convection or radiation. Knowing the temperatures 
of the shell and ambient air, the quantity of heat Q flowing from 
the shell can be calculated with the use of known heat-transfer 
data (12, 13). In most bearings the flow of heat through the 
shaft is negligible (12) and the latter’s temperature usually can 
be taken equal to that of the oil film. For such cases, the tem- 
perature distribution through the oil-film thickness can be cal- 
culated from the known equation of the steady flow of heat 
through a body such as the oil film where heat is being uniformly 
generated. This temperature distribution is parabolic and the 
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average value of the temperature rise of the oil film above the 
bearing shell is 


= Qh/3K = 80 Qh 


for ordinary lubricating oils.‘ 

This method of calculation will still hold when heat is carried 
away by means of circulating oil since t, applies only to the flow of 
heat through the bearing shell which is a function only of its 
temperature rise above ambient air. 

This method has been applied to determine the average tem- 
perature rise of the oil film above the measured temperature of the 
bearing shell in the described test of 6-in. X 12-in. bearing. 


The supply of oil in any bearing must always be sufficient to 
maintain a perfect oil film, otherwise, a much higher temperature 
of operation is to be expected. In some properly designed bear- 
ings it is sufficient to supply an amount of oil equal to the side 
leakage, but it is usually much safer to have a supply equal to the 
flow of oil at the inlet. 

The flow of oil in a plane bearing of infinite width is 


V = Kh.b(U/2) 


where K, is as given in Fig. 4. 

For a plane rectangular bearing, due to side leakage, the flow 
of oil is increased at the inlet and decreased at the outlet, as 
shown in Fig. 6. 

The flow of oil at the inlet is 


V; = R,K,h,b(U/2) 
The flow of oil at the outlet is 
V, = R,,K,h,b(U/2) 
The side leakage is 
Vi = Vi— = (Ry — Ry.) Kh,b(U/2) 


The flow of oil in a journal bearing of finite width is nearly the 
same as for a plane rectangular bearing. This method gives re- 
sults very close to the ones obtained by S. J. Needs (7) by means 
of an electrical analogy, and also with tests made at the Research 
Laboratories of the Westinghouse Electric and Manufacturing 
Company (14). 


APPLICATION OF Data 


The application of curves given in this paper is illustrated by 
an example. The bearing, 6 in. in diameter and 12 in. long, 
tested in the laboratories (Figs. 1 and 2) was taken for this pur- 
pose. The active length of the bearing = 9?/, in., the radial 
clearance = 0.0045 in., the clearance ratio = 0.0015 in. per in., 
the load = 10,000 Ib, the speed = 1600 rpm, the oil-film tempera- 
ture = 70 C, and the peripheral velocity = 500 in. per sec. 
The unit pressure on the projected area P; = 171 lb per sq in., 
and the characteristic number of the bearing ZN/P; = 10.67. 

Referring to Fig. 10, the characteristics of the bearing are: 
K'(n/r) = 0.00014, K’, = 0.000195, K’x, = 9.000052, a = 
27 deg, and h;/h, = 2.15. The active length | of the 81-deg oil 
film = 4.25 in., and the length-width ra.io 1/b = 0.435. 

Leakage factors for the coefficient of friction, oil-film thick- 
ness, oil flow, and temperature rise from Figs. 4, 5, and 6 are: 
R, = 1.12, Ri, = 0.86, R,, = 1.13, R,, = 0.95, K, = 1.36, 
R, = 1.25, and K, = 2.7. 


‘Taking K = 0.0042 watt per sq in. per deg C per in. from 
W. J. King (13). 
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Coefficient of friction 
f= R,K’, V(ZN/P;) = 1.12 X 0.00195 X 10.67 = 0.00234 
Minimum oil-film thickness 


h, = RrK'n.r V/(ZN/P,;) = 0.86 X 0.000052 X 3 X 10.67 
= 0.00143 in. 


Inlet oil flow 


= R,,Kh.b(U/2) = 1.13 X 1.36 X 0.00143 9.75 
X 250 = 5.36 cu in. per sec 


Outlet oil flow 


V, = R,,K,h.b(U/2) = 0.95 X 1.36 X 0.00143 X 9.75 
X 250 = 4.5 cu in. per sec 


Oil leakage 
V, = V;— V, = 0.86 cu in. per sec 
Temperature rise through the oil film 


‘R, P 
= 0.00658 —- = 9.75C 


CoNCLUSIONS 


Tests were made recently on the apparatus shown in Fig. 1 
by the Westinghouse Electric and Manufacturing Company on a 
journal bearing 6-in. diameter X 12-in. long of standard manu- 
facture. A rather close agreement was found to exist between 
the results of these tests and theoretical analysis made available 
in recent years. 

In Fig. 2 are shown theoretical and experimental values 
of the coefficient of friction for varying conditions of load and 
speeds. It is given as a function of the characteristic number 
ZN/P;. 

The theoretical curves agree very well with the test results 
in the range of normal operation of the bearing, that is, for values 
of ZN/P; between 80 and 300. Below ZN/P; = 80, conditions 
are such that the hydrodynamical theory is no longer valid 
since this is the region of semifluid lubrication. For large values 
of ZN/P,; above 300, the momentum effect of the oil at the oil- 
film inlet becomes of great importance; this effect is not con- 
sidered in the theoretical analysis in common use and some 
discrepancy with tests can, therefore, be expected. 

In Table 1 the data are summarized for the calculation of the 
performance of bearings of various types under conditions de- 
scribed in the paper. 


NOMENCLATURE 


area of a guide bearing, sq in. 

width of the bearing surface (axial length of bearing 
perpendicular to direction of motion), in. 
eccentricity of journal bearing 

mean diameter of plane bearing, in. 
journal bearing diameter, in. 

total load acting on bearing, lb 
coefficient of friction 

oil-film thickness, in. 

oil-film thickness at outlet, in. 

oil-film thickness at inlet, in. 

J, = type factors for journal bearings 


ee coefficients for plane bearing of infinite width 


K = heat-transfer coefficient, watts per sq in. per deg C per in. 
L = length of plane bearing in direction of motion, in. 
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length of the active oil film in journal bearing, in. 
speed, rpm 

= F/bd = unit bearing pressure projected on journal 
diameter, lb per sq in. 

F/bL = actual unit bearing pressure for rectangular 
plane bearing, |b per sq in. 

flow of heat through bearing surface, watts per sq in. 


ll 


= leakage factors for plane rectangular bearing 


d/2 = radius of journal bearing, in. 

shearing force, lb 

average temperature rise through the oil film, C 

average temperature rise of oil film above bearing shell, C 

peripheral velocity of journal, in. per sec 

flow of oil at the inlet of the oil film, cu in. per sec 

flow of oil at the outlet of the oil film, cu in. per sec 

volume of oil leaking on the sides of the bearing = 

V, — V,, cu in. per sec 

oil viscosity, centipoise 

a = angle for location of minimum oil-film thickness in 
journal bearing, deg 

Y = specific weight, lb per cu in. 

radial clearance, in. 

specific weight of oil. 


BIBLIOGRAPHY 


1 “The Theory of Film Lubrication,”’ by R. O. Boswall, Long- 
mans, Green, and Company, London and New York, N. Y., 1928. 


qr 
PS 
—~” 


NS 


vs 


A-127 


2 ‘The Lubrication of Plane Surfaces,’”’ by A. G. M. Michell, 
Zeitschrift fir Mathematik und Physik, vol. 52, 1905, pp. 123-137. 

3 “The Film Lubrication of Journal Bearings,” by R. O. Bos- 
wall, Transactions of the Institution of Mechanical Engineers, vol. 
122, 1932, p. 423. 

4 ‘On Problems in the Theory of Fluid-Film Lubrication, With 
an Experimental Method of Solution,” by A. Kingsbury, Trans. 
A.S.M.E., vol. 53, 1931, paper APM-53-5, pp. 59-75. 

5 “Paliers a butée modernes,”’ Reuue Brown, Boveri & Cie, 
January, February, and March, vol. 4, 1917. Also, ‘“‘Regles générales 
pour la construction des paliers,” Revue Brown, Boveri & Cie, Janu- 
ary, February, and May, vol. 6, 1919. 

6 “Optimum Conditions in Journal Bearings,’’ by A. Kingsbury, 
Trans. A.S.M.E., vol. 54, 1932, paper RP-54-7, pp. 123-148. 

7 “Effects of Side Leakage in 120-Deg Centrally Supported 
Journal Bearings,’’ by S. J. Needs, Trans. A.S.M.E., vol. 56, 1934, 
paper APM-56-16, pp. 721-732. 

8 Discussion by R. Baudry of ‘Effects of Side Leakage in 120- 
Deg Centrally Supported Journal Bearings,’ by S. J. Needs, Trans. 
A.S.M.E., vol. 57, no. 3, April, 1935, p. 136. 

9 “Graphical Analysis of Journal Bearing Lubrication,’’ by 
H. A. S. Howarth, Trans. A.S.M.E., vols. 45, 46, and 47, 1923, 1924, 
and 1925, respectively. Combined reprint 1926, 35 pp. 

10 ‘Charts for Studying the Oil Film in Bearings,”’ by G. B. Kare- 
litz, Trans. A.S.M.E., vol. 47, 1925, p. 1101. 

11 Heat Effects in Lubricating Oils,’’ by A. Kingsbury, Mechani- 
cal Engineering, vol. 55, 1933, pp. 685-688. 

12 “Performance of Oil-Ring Bearings,” by G. B. Karelitz, Trans. 
A.8.M.E., vol. 52, 1930, paper APM-52-15, p. 161. 

13 ‘‘The Basic Laws and Data of Heat Transmission,” by W. J. 
King, Mechanical Engineering, vol. 55, nos. 3 to 8, inclusive, 1932, 
pp. 190, 275, 347, 410, 492, and 560. 

14 “Side Oil Flow in a 120-Deg Bearing,’ by G. B. Karelits, 
Mechanical Engineering, vol. 57, no. 5, 1935, p. 292. 


<= 
4 
ay 
7 5 
age 
: 


Effect of Surface Rolling on the Fatigue 
Strength of Steel! 


By O. J. HORGER,? CANTON, OHIO 


The investigation discussed in this paper was made to 
determine the effect of cold-working on the endurance limit 
and other related physical properties of steel. This cold- 
working was of a surface nature resulting in an almost 
negligible reduction in area. The preliminary work con- 
ducted in this field, for the most part, has been a labora- 
tory development in so far as the technical and mechanical 
details of the surface-rolling process is concerned, but it 
has been sufficient to show the advantageous effect of this 
process on the endurance limit of steel, thereby justifying 
further study. Therefore, the investigation discussed in 
this paper was inaugurated to determine the various fac- 
tors involved in the immediate application of this surface- 
rolling process in practice. Asa result this paper is in the 
nature of a progress report covering principally tests made 
on 0.3-in. and 1-in. diameter cold-worked specimens with- 
out stress concentration. Further fatigue tests are being 
conducted on 1-in. and 2-in. diameter surface-rolled speci- 
mens with and without stress concentration and on 0.080- 
in. diameter fatigue specimens machined from various 
layers of 2-in. diameter surface-rolled specimens. 


INTRODUCTION 


HE failure of machine parts in fatigue which suggested the 

investigation reported in this paper usually occurs at 

points of local weakness. A few of the typical failures 
found in practice occur at the wheel or gear seat of locomotive 
and railroad-car axles, at the wheel or bearing seats of auto- 
mobile axles, at automobile rear-axle housings adjoining the 
differential, at the pressed or fitted bits of long drill rods used 
in oil-well and rock-drilling operations, and at grooves and holes 
in axles. In general, many cases of fitted members subjected to 
reversed bending action have been a constant source of failure. 
Some means of reducing the effect of the local stress concentra- 
tions causing such failures is very desirable. 

As a result of a development made in German laboratories it 
was shown that cold-working of the surface of the steel in the 
region of the stress concentration improved its fatigue strength. 
On the basis of such promising preliminary investigations as 
have already been made both in Germany and the United States, 
it appeared worth while to learn more about the phenomena of 
this surface-rolling process. 

Development of the Surface-Rolling Process. At the Wohler- 
Institute in Braunschweig, Germany (1), the importance of this 


1 From a dissertation submitted in partial fulfillment of the re- 
quirements for the degree of Doctor of Science at the University of 
Michigan. 

2 Timken Roller Bearing Co. Jun. A.S.M.E. 

3 Numbers in parentheses correspond to similarly numbered 
references given in the bibliography at the end of the paper. 

Presented at the National Applied Mechanics Meeting of Tur 
AmeErIcAN Socipty oF MECHANICAL ENGINEERS, Ann Arbor, Mich., 
June 18-19, 1935, 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1936, for publication at a later date. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


method was first recognized in 1928. It was observed in studies 
on surface conditions, that the effect of hammer and chisel 
marks did not decrease fatigue strength as did filing or grinding. 
The fact that failure did not occur in these compressed areas led 
to further tests. 

O. Féppl (2) made fatigue-bending tests on specimens having 
surfaces prepared under certain rolling pressures and found that 
the endurance limit was increased 5 to 30 per cent. P. Behrens 
made torsion-fatigue tests and found an increase in fatigue 
strength between 6 and 29 per cent. An increase in fatigue 
strength was indicated by torsion tests conducted by Heyde- 
kampf (4) and also by bending tests conducted by Déring (5). 

More recently, surface-rolling investigations have been de- 
voted to practical problems of design where severe stress con- 
centration exists. Kiihnel (6) studied railroad-axle failures oc- 
curring at the wheel fit and found the fatigue strength was re- 
duced one-half due to the press fit of the wheel, and Thum (7) 
continued this study by surface-rolling the axle wheel seat. He 
found that rolling the axle surface gave about the same strength 
as the axle without the press fit or an improvement of 69 per cent. 

The effect of compressing plastically the surface area sur- 
rounding various forms of stress-concentration systems such as 
holes and grooves in machine parts were studied at the Darm- 
stadt materials-testing laboratory (8, 9, 10) and an improve- 
ment of as much as 38 per cent was obtained. Staedel (11) ex- 
tended the rolling process to cut threads on bolts, reporting an 
increased fatigue strength of as much as 100 per cent. Also, 
Koch (12) studied keyways and reported a small improvement 
in fatigue strength. A synopsis‘ of various forms of cold-work 
investigations was given by Thum and Wunderlich (13) in 1934. 

In the United States, Peterson and Wahl (14) and Buckwalter 
(15) have published papers contributing substantiating data on 
the beneficial effect of cold-working 15/;-in. and 2-in. diameter 
axles at wheel and bearing seats. While the German labora- 
tories have confined their tests to specimens with a maximum 
diameter of about °/\. in., it was indicated that this same improve- 
ment may be extended to the larger diameters more frequently 
met in practice. 

While there is no difference of opinion as to the favorable 
effect of cold-working, there is no uniformity of opinion as to the 
explanation of why the fatigue strength is increased. There 
are two schools of thought, and the controversy arising therefrom 
is represented by Thum and Féppl (16).‘ Briefly, Féppl con- 
tends that the change which takes place in the metal structure is 
largely responsible for this improvement in fatigue strength, 
while Thum insists that residual stresses is the contributing 
factor. At the present time there is no direct evidence available 
to support conclusively either opinion. 


MATERIALS, Tests, TESTING EQUIPMENT, AND TEST 
SPECIMENS 


Materials Tested. An S.A.E. 1045 open-hearth steel was 


4 After this paper was written, Thum and Bautz published an 
article in Forschung auf dem Gebiete des Ingeneurwesens, vol. 6, 
May-June, 1935, p. 121, in which it was stated that four-fifths of the 
increased fatigue strength in reversed bending was due to residual 
stresses and one-fifth was due to hardening, while increased tor- 
sional-fatigue strength was all due to strain-hardening. 
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Fie. Fatigues Macuines Usep To Test THE 1-IN. 2-InN. DIAMETER SPECIMENS 


used in all the tests discussed in this paper. The chemical 
analysis of each bar tested is shown in Table 1. The physical 
properties of the bars are given in Table 2. All specimens were 
normalized at 1620 F and drawn at 1115 F before machining. 

Fatigue Tests. The three different diameters of fatigue speci- 
mens tested in rotating bending are shown in Figs. 1 and 3. 
The fatigue machines used to test the 0.3-in. diameter specimens 
were of the conventional Farmer type, but the l-in. and 2-in. diame- 
ter specimens were tested in cantilever-type machines shown 
in Fig. 2. Pillow blocks of the selfaligning type with Timken 
bearings were fitted to the specimen by means of a taper sleeve 
between the bearing cone and specimen. The load was applied 
on the end of the 1-in. and 2-in. specimens by the action of com- 
pression springs, which had a low constant of about 300 to 400 
Ib per in. of travel, permitting very close adjustment to the proper 
load. 

Tensile Tests. The 0.3-in. diameter specimen shown in Fig. 4 
was used so that the tensile data obtained on surface-rolled 
specimens would be comparable with fatigue-test data ob- 
tained on surface-rolled specimens of the same diameter. 

Two Martens mirror extensometers with 100-mm gage length 
(3.937 in.) were used on all the tensile-test specimens. 

Hardness Tests. The Vickers pyramidal diamond test was 
used to investigate the hardness of the surface-rolled specimens 
shown in Fig. 5. The Bierbaum scratch-hardness test was used 
on a transverse section. 

Surface Finish of Specimens. The machined surface of the 
test section of all fatigue specimens was polished with 000 emery 
cloth previous to the surface-rolling operation. A profilograph 
(17, 18) was used to measure the surface irregularities along 
the length of the specimens before rolling and after rolling under 
various conditions of roller shapes, feeds, and pressures. Briefly, 
the principle of this instrument consists of (a) tracing over the 


surface with a very sharp diamond point (6) magnifying the 
movements of this tracer point through an optical system, and 
(c) recording them on sensitized paper. 

Description of Rolling Equipment. A diagrammatic arrange- 
ment of the device used to roll the surface of the specimens is 
shown in Fig. 6. An engine lathe was adapted for this rolling 
operation by supporting the specimen in lathe centers and the roll- 
ing device in a transverse slide fixed to the lathe carriage. This 
setup is shown in Figs. 7, 8, and 9, while the various proportions 
of rollers which were used are shown in Fig. 10. The roller load 
was applied through calibrated springs with long travel to permit 


TABLE 1 CHEMICAL ANALYSIS OF STEELS TESTED 
diameter 1%/¢in. diameter 31/;-in. 


cold-rolled bar ot-rolled bar hot-rolled 
stock stock stock 

ree 0.48 0.45 -0.48 0.45 -0.49 
Manganese 0.81 -0.82 0.67 -0.68 0.67 -0.77 
Phosphorous. 0.012-0.018 0.013-0.016 0.013—-0.017 
Sulphur......... 0.030-0 .039 0.027 0.031-0.037 
0.22 -0.23 0.20 -0.26 
0.12 0.04 -0.06 


TABLE 2 PHYSICAL PROPERTIES OF THE STEELS TESTED 
—Hot-rolled’— 


ter 13/-in. 31/¢-in. 

As beat- iam iam 

rec'd treat stock stock 

Yield point, lower, lb per sq in... .. 58600 46200 47800 

Ultimate strength, lb per sqin..... 115000 88600 89900 88800 

Elongation,¢ per cent............. 16.0 33.2 30.6 32.0 

Reduction of area, per cent. . me 33.8 56.9 47.2 48.5 
Isod impact,¢ ft-lb........... 9 35 

Brinell hardness....... er ee 220 183 174 177 

Diameter of specimen, in.......... 0.3 0.3 0.750 0.750 


® Specimens cut from !/:-in. cold-rolled bar stock. 

> Specimens cut from hot-rolled bar stock after normalising and drawing. 

¢ Elongation measured over a gage length L, where L = 4.51+/4A, and A is 
the cross-sectional area of the specimen. 

@ Standard round specimen. 
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Fie. 5 Specimen ror Vickers Harpness Test 
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0.3-in. diameter specimens were 
rotated in lathe centers at 20 rpm 
while the l-in. and 2-in. diameter 

specimens were rotated at 22 rpm. Fic. 9 Metuop or MountinG Rouuers In Supports 


Preparation of Cold-Stretched SECTION X-X HARDENED ROLLERS eas 
Specimens. Fatigue specimens ___ investigated at reductions in area of 8 per cent and 17 per cent. 
were machined from Vein. di- ne psec ma In the latter, necking started to take place and the center of the 
ameter cold-rolled 0.48 carbon RoLuinG THE SPECIMENS specimen was selected at this minimum diameter. 
steel, normalized and drawn after 
it had been stretched cold in tension and given a two-hour heat- 
treatment at 490 F with a furnace cool. Cold-stretching was Endurance Limit of Specimens Without Cold-Working. The 
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TABLE ENDURANCE LIMITS OF DIAMETER 
SPECIMENS WITHOUT COLD-WORKING 


Endurance 
Specimen lb per 
Line Diam, in. ——-—-—-— Material* design sq in. 
1 0.3 1/;-in. diam cold-rolled as re- 
ceived from the mill Fig. 3b 51600 
0.3 1/:-in. diam cold-rolled, nor- 
malized and drawn Fig. 36 39800 
3 0.3 1%/¢-in. diam hot-rolled, nor- 
malized and drawn 39800 
4 0.3 Same as line 3 T.M.6 39800 
5 0.3 Same as line 3 Fig. 3a 39800 
6 1.0 Same as line 3 Fig. 3c 36000 
7 2.0 3'/-in. diam_hot-rolled, nor- 
malized and drawn Fig. 3d 34400 


All 8.A.E. 1045 steel. 

A.S.T.M. specification ‘‘ Report of the Committee on Fatigue of Metals,”’ 
1935 preprint, Fig. 5. This we has a radius of 97/s in. 

Nore: Specimens in lines 3, 4, 5, and 6 were machined from the same bar. 


Fic. 10 Proportions 


endurance limits® established on the various diameter specimens 
are summarized in Table 3. The values of endurance limit are 
used as a base from which any improvement due to cold working 
is calculated. 

Lines 3 and 6 of Table 3 indicate that there is a change in 
fatigue strength in going from the 0.3-in. to l-in. diameter. This 
effect of variation of fatigue strength with size of specimen is 
in accordance with that reported in the literature (19, 20) for 
specimens without stress concentration. 

Effect on Endurance Limit of Surface Rolling. The results 
of the tests on 0.3-in. diameter surface-rolled specimens are 
given in Table 4 and shown graphically in Figs. 11 and 12. 


TABLE 4 ENDURANCE LIMIT OF 0.3-IN. SURFACE-ROLLED 


SPECIMENS 
S.A.E. 1045 Normal ————Endurance limit—-——— 
steel, nor- pressure 7/16 X #/s2-in. */ie X 
malized per —roller? —~ -——rollerb 
and roller, Lb per Per Lb per Per 
drawn lb sqin. cent sq in. cent 
9800 100 39800 100 
70.5¢ 46400 116 
Specimens made from '/:-in. 130 49000 123 46500 117 
diam cold-rolled bar 183 51400 129 49000 123 
|210 52200 131 50000 126 
250 52600 132 50000 126 
0 36000 100 
Specimens made from 13/,-in. 130 45200 125 
diam hot-rolled bar 183 49500 138 
210 52000 144 


@ Roller has a in. diameter and a 3/3:-in. contour radius. 

> Roller has a7/is in. diameter and a 1'/2-in. contour radius. 

© Rolled with a feed equivalent to 320 threads perin. All other specimens 
rolled with a feed equivalent to 224 threads per in. 

Note: The endurance limit of the '/:-in. diameter cold-rolled steel as re- 
ceived from the mill is 51,600 lb per sq in. 


From Fig. 11 it will be seen that the middle region of the curves 
indicates that the increase in endurance limit is directly propor- 
tional to the roller pressure for both shapes of rollers. The two 


5 Space does not permit the presentation of S-N diagrams. The 
endurance limits given are based on a minimum of 10 million cycles. 
The 0.3-in. diameter specimens were subjected to 1750 stress cycles 
per min while the l-in. diameter specimens were subjected to 1150 
stress cycles per min. 


TABLE 5 SeUaCT OF ROLLER SHAPE ON THE ENDURANCE 


LIMIT OF 0.3-IN. SPECIMENS 


Normal pres- Endurance limit—— 
sure per X X 11/2-in. Ratio 
roller, Ib roller, (1) roller, (2) (1)/(2) 

70.5 46400 43800 1.06 
130 49000 46500 1.05 
183 51400 49000 1.05 
210 52200 50000 1.04 
250 52600 50000 1.05 


@ Roller has a diameter of 4h sin. and a contour radius of */2 in. 
1 


+ Roller has a diameter of 


«in. and a contour radius of 1'/2 in. 


shapes of rollers differ only in contour radius, their diameters 
being the same. The effect of roller shape is given in Table 5, 
where it is observed that under constant roller pressure there 
results a change of only 5 per cent in endurance limit. Consider- 


ing the same endurance limit 
with both types of rollers, it is 
seen in Table 6 that. the flat 
roller of 1'/;-in. contour radius 
requires considerable more 
pressure than the sharp roller 
of */3-in. contour radius to 
obtain this differential of 5 per 
cent. The effect of roller shape 
is discussed later in the paper. 
The fatigue studies discussed, 
on 0.3-in. diameter specimens, 
have been extended to include 
l-in. and 2-in. diameter speci- 
mens. A portion of this pro- 
gram has been completed and 
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TABLE 6 ROLLER PRESSURES REQUIRED FOR SIMILAR 
ENDURANCE LIMITS OF 0.3-IN. SPECIMENS 


Endurance Normal pressure per roller, lb 
limit, The X */s-in. "/is X 1'/2-in. Ratio 
Ib per sq in. roller, (1)¢ roller, (2)® (2)/(1) 


@ Roller has a diameter of 7/16 in. and a contour radius of */32 in. 
+ Roller has a diameter of 7/isin. and a contour radius of 1!/2in 


TABLE 7 ENDURANCE LIMITS OF 1-IN. DIAMETER SURFACE- 
ROLLED SPECIMENS 


Endurance limit 
—1.458 X 5/is-in.— -—1.458 X 5-in.—~ 
roller® roller 
Lb per b Per Ratio 
8q in. cent (1)/(2) 
36000 36000 100 
43000 39700 110 1.08 
44600 


*Roller has a diameter of 1.458 in. and a contour radius of °/i6 in. 
+ Roller has a diameter of 1.458 in. and a contour radius of 5 in. } 
Nors: The material from which the specimens were made was 15/;-in. 
diameter hot-rolled S.A.E. 1045 steel, normalised and drawn. All speci- 
mens were rolled with a feed equivalent to 96 threads per in. 


TABLE 8 COMPARISON OF ENDURANCE LIMITS OF 0.3-IN. AND 
1-IN. DIAMETER SPECIMENS 


——0.3-in. specimen? —l-in. diameter specimenb—. 

Normal Endurance limit Endurance limit 
roller per Per Lb per 
pressure, lb sq in. cent 8q In. 
0 100 36000 
70.5 113 42100 
130 125 43700 

183 138 44600 


Roller used had a diameter of 7/is in. and a contour radius of */3 1n. 
used had a diameter of 1.46 in. and a contour radius of 0.31 in. 


S. NORMAL ROLLER PRESSURE 
x | ‘2° ROLERS 


| 
FEED OF ROLLERS ACROSS SPECIMEN IN EQUIVALENT NO. OF THREADS PER INCH 

0 40 80 120 160 200 740 


2 
oc 
at 


‘Fig. Errect oF Feep Across SPECIMEN ON THE 
ENDURANCE LIMIT 


130 LOS NORMAL ROLL PRESS 
ROLERS 224 THD. 


> 


ENDURANCE LIMIT IN LBS PER SQ.IN 


> 
AFTER ROLLING, IN INCHES 
0 04 008 012 016 020 O24 0% 0382 O08 040 044 
Fie. 14 Errect on ENpuRANCE Limit or TuRNING OrF VaRI- 


ous AMOUNTS ON THE DIAMETER OF THE SPECIMENS 
Arter ROLLING 


Fic. 15 Proritowrapn Recorps, Size, ror Various Types 
OF SurRFACE CONDITIONS 
(Rollers used were ’/ie-in. diam. with 1!/:-in. contour radius. Scale used is 


vertical magnification 2000 X, where '/z in. = 15 millionths and horizontal 
magnification 30 X, where '/s in. = 0.001 in.) 


Equiv. roller 
feed across 
: Normal rolling specimen in 
Specimen pressure threads 
no. roller, | per inch 


2-5 0 
Optical flat for comparison pur 
1-3 183 


4-2 210 224 
2-23 250 40 


4-1 250 224 
Cast-iron cylinder bore with one tool 
Cast-iron cylinder bore with another tool 


the data obtained to date on 1-in. specimens is given in Table 7. 
Referring to Fig. 10, it is seen that the 7/i-in. X */s2-in. rollers 
and 0.3-in. specimen are geometrically similar to the 1.46-in. 
X 0.31-in. rollers and 1-in. specimen. It may then be expected 
that the percentage increase in endurance limit would be the 
same with both 0.3-in. and 1-in. specimens rolled at pressures in 
the ratio of the squares of the diameters of the two specimens. 
In this respect the test results shown in Table 8 and Fig. 12 in- 
dicate that the percentage of increase in fatigue strength for 
the 1-in. rolled specimens approaches that for the 0.3-in. 


TABLE 9 EFFECT OF ROLLER FEED ON ENDURANCE LIMIT 


Ratio of roller 
Endurance limit—. contact width? 
Lb Per to roller feed 


@ Actual contact width between roller and length of specimen = 0.0505 in. 
A discussion of static indentation tests is given later in the paper under the 
heading ‘Effect of Roller Shape."’ 

Nore: The roller used had a diameter of 7/i¢ in. and a contour radius of 
1'/ein. The normal pressure per roller was 130 lb. 


TABLE 10 EFFECT ON ENDURANCE LIMIT OF MACHINING 
SPECIMEN AFTER ROLLING 


Amount re- -—-—Endurance limit—— 
moved from L Per 
diam, in. in, cent 
100 

0.0056 93 
0.0152 90 
0.0214 89 
0.0322 40500 87 
0.0402 86 


Nore: Specimen rolled at a feed equivalent to 224 threads per in. with a 
roller having a diameter of 7/i6 in. and a contour radius of 1!/2 in. 


| 
78.5 162 1.39 | 
} 
Ib 
| 
| 
| 
d 
46 
42 
4 = 
— 
; Equiv. 8q 10. 1 
threads In. 100 1.0 
0 44500 115 4:03 
omy flakes 0 0.050 45900 116 11.3 
20 0.025 46200 117 
40 0.0125 46500 
a 80 0.00446 
224 
45000 
14200 
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Fie. 16 PHOTOMICROGRAPHS OF SPECIMEN 4-1 THROUGH A TRANSVERSE SECTION 


(The surface of the specimen was rolled with a normal pressure of 250 |b per roller with rollers of 
7/ein. diameter and 1'/2-in. contour radius fed at aspeed equivalent to 224 threads per in.) 


In this comparison, the 0.3-in. specimens were selected from the 
region of negligible bending stress of the drive-coupling end of a 
l-in. specimen after it was tested in reversed bending. In this 
manner the same inaterial and heat-treatment were used and there 
was no effect of prestressing. Also the 0.3-in. specimens were 


TABLE 11 DEPTH OF PENETRATION OF COLD-WORKING ON 
0.3-IN. SPECIMENS 


-——Depth of penetration, in.—— 


sure per The X_3/s-in. The X 1'/2-in. 
roller, lb roller roller 
183 0.0075¢ 0.006 
250 0.0150 0.011 


® Specimen given a mild heat-treatment after rolling. 


cut from the region of the larger specimen at !/:-in. radius so as to 
present material in the same surface layer. 

Effect of Roller Feed on Endurance Limit. A study of the 
effect of the roller feed on the endurance limit is given in Table 9. 
It may be concluded from the values given in this table that very 
little increase in fatigue strength results with feeds above 40 
equivalent threads per inch for the particular shape of roller 


INDICATION OF SURFACE EFFECT OF ROLLING i00X 


and pressure used. This is readily apparent 
from the endurance feed curve in Fig. 13. 

The manner in which the roller feed affects 
the endurance limit is believed to be due to 
the degree of uniformity to which the surface 
of the specimen is cold-worked. As an expres- 
sion of this uniformity we may use the ratio 


Actual contact width between roller 
and length of specimen 


Equivalent thread pitch of roller feed 


It would be desirable to know the proper 
feed for other pressures using the same roller 
and to extend this still further to apply to rollers 
of different contours and other materials. 
This determination could be made by a large 
number of fatigue tests, but it is believed that 
this ratio equal to 2 would be suitable for cal- 
culating the proper feed. 

Effect on Endurance Limit of Machining Speci- 
men After Rolling. The rolled surface was 
machined off a number of 0.3-in. diameter 
specimens rolled under the same conditions 
with the results shown in Table 10 and Fig. 14. 
The conclusions to be derived from this work 
would indicate that the first 0.0056 in. removed 
from the diameter reduces the endurance limit 
by 7 per cent or by an amount equal to one- 
half of the total increase due to rolling. The 
removal of this surface layer on small parts 
would be important, but the decrease in en- 
durance limit would become less as the parts 
become larger.® 

Surface Profiles of Rolled Specimens. A com- 
parison of surface irregularities of specimens 
which were surface-rolled with machined sur- 
faces is given in Fig. 15. It will be observed 
that the rolled surfaces are more irregular than 
a 000-emery finish and yet the fatigue strength 
is higher as given by Table 4. 

Effect of Mild Heat-Treatment After Rolling. 
A mild heat-treatment at 525 F for 1 hour with 
a furnace cool after rolling of the specimen ef- 
fected an increase in the fatigue strength of 6 
per cent over the specimen not heat-treated. 

The effect of aging and mild heat-treatment 
in increasing the low proportional limit of materials subjected to 
cold-working has been known for a long time (21). The phe- 
nomena underlying this action are not known. Several theories 
have been advanced of which one indicates that mild heat-treat- 
ment causes a release of internal stress (21) while another indi- 
cates that the slip planes present in the cold-worked material are 
healed by the mild heat-treatment (22, 23). 

The way in which this low proportional limit was effective 
was displayed by many cases of the bending of the rolled speci- 
mens, instead of resulting in fracture in the fatigue tests. The 
specimens and testing machines were checked for eccentricity 
and the load applied slowly after the machine had reached its 
operating speed. The vibration of the specimen would not begin 
immediately but after a period of operation at load. This period 
was from several minutes to several hours, depending on the 
magnitude of the stress above the endurance limit. It should be 
mentioned that this vibration has apparently no effect on the 
values of endurance limit established, since no vibration took 


*‘ This statement assumes that the larger parts will be rolled at 
proportional rolling pressures. 


© 
=SURFACE OF SPECIMEN |000X 
Normal pres- 
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place at the endurance limit or below it. A difference of about 
400 lb per sq in. bending stress exists between the fatigue.strength 
of two specimens that will both run 10 million cycles, but with one 
specimen there is no perceptible vibration and with the other 
specimen the vibration builds up at the beginning of the test, 
but then does not increase as for specimens under higher stress. 

Stress-strain curves were made from static-bending tests and 
hysteresis loops formed at 2000 lb per sq in. below the endurance 
limit for the rolled specimens. No hysteresis could be measured 
for either the specimens given a mild heat-treatment after rolling 
or specimens not rolled when both were tested at 2000 lb per sq in. 
above the endurance limit. This checks with the fatigue tests 
where practically no difficulty with vibration was experienced. 

It is believed that the static-bending tests are good reasons for 
the vibration phenomenon encountered. Kimball (24, 25) has 
shown that internal friction, as for instance elastic hysteresis, 
may cause a shaft to whirl. 

It should be mentioned that when the rolling process is used 
to strengthen local regions of a machine part instead of the whole 
this difficulty with vibration may not be much of a factor. In 
any event a mild heat-treatment will remedy the situation. 

Microstructure of Surface-Rolled Specimens. Typical struc- 
tural conditions after rolling, shown in Fig. 16, indicate that 
the stretching and elongation of the crystals with parallel fibers 
tend to improve the quality of the steel. The depth of penetra- 
tion of cold-working was measured from photomicrographs at 1000 
magnification. The results obtained are shown in Table 11. 
The depth given was measured at the point where the fibrous 
structure begins to merge into the normal structure. With 
this type of steel, the proportions of ferrite and pearlite make it 
difficult to determine the depth of penetration, and for this reason 
these measured depths are of a qualitative rather than a quanti- 
tative value. 

Hardness of Surface-Rolled Specimens. The hardness of a 
rolled specimen as determined by the Bierbaum scratch test and 
Vickers pyramidal diamond test gives different results as shown 
in Fig. 17. The pyramidal diamond test indicates that the sur- 
face hardness is 25 per cent greater than the core, while the 
scratch test shows a difference of 100 per cent. This divergence 
may be attributed to the different nature of the two types of 
hardness tests. 

It is interesting that cold-stretched and rolled specimens 
which gave pyramidal diamond measurements of about the same 
surface hardness also exhibited a fatigue strength of practically 
the same value. 

Tensile Tests of Rolled and Cold-Stretched Specimens. From 
the summary data shown in Tables 2, 4, and 15, it may be con- 
cluded that the degree of cold-working used by surface-rolling, 
cold-stretching, and rolling in accordance with steel-mill practice, 
affects the physical properties of the '/:-in. diameter cold-rolled 
8.A.E. 1045 normalized-and-drawn steel as given in Table 12. 
In general, Table 12 indicates the desirable high fatigue strength 
of surface-rolled specimens which is obtained with small loss of 
ductility measured by per cent elongation, reduction in area, 
and area under tensile-test diagram. The mill-rolling and cold- 
stretching operations are more uniform in their action through- 
out the section and considerably reduce the ductility. A mea- 
sure of this ductility is taken from the elongation, reduction in 
area, and area under the tensile-test diagram of Table 15. 

Effect of Roller Shape.’ It was thought that a measure of the 

1? The effect of roller shape on the endurance limit was considered by 
Thum and Bautz (8). They proposed a relation between roller pres- 
sure and favorable roller shape to produce ‘‘the desired increase in 
fatigue strength.” The application of their relation to the tests 
outlined in this paper on 0.3-in. diameter specimens gives a minimum 
roller pressure of 600 lb as compared to 200 lb actually used to ob- 
tain maximum fatigue strength. Their relation is not satisfactory, 


pressure distribution over the roller indentations made on the 
fatigue specimens in the rolling process would give some relation 
to the fatigue strength through the strain hardening produced. 
Static indentation tests were therefore made using the rollers 
as anindentor. The indentations were made on 0.3-in. and 1-in. 


TABLE i2 EFFECT OF COLD WORKING ON PHYSICAL 
PROPERTIES OF SPECIMENS? 


Surface Cold Mill 
rolling stretching rolling 
Ultimate strength............... + 8 to 12 +22 to 25 +30 
Reduction in area............... — ltol4 —10 to 14 —41 
—10 to 12 —45 to 47 —52 
Area under tensile-test diagram... — 8 to 22 —45 to 62 7 
Endurance limit................. pto+29 Upto +36 +30 
* All values given in per cent. 
T 
-Surface of Specimen 
8 
500} 
2 = 
2 
= 220 Spe --> 23 
f J 
5 200 
. 4197 
= 190 197 H 
180 Vickers Diamond Hardness of Spec.4-2 
5 - 4179 
a 70} 170 
160 
0 2 4 8 10 12 14 ed 


Distance from Surface Along Diameter of Specimen in 0.010" 


Fic. 17 Comparison on oF 
Harpness Over a Cross Section sy Two 
Metnops 


(Hardness com: ns made by the Bierbaum diamond-point scratch test 
using a 3-g load and dl the Vickers pyramida! diamond test using a 30-kg 
1 The specimens were rolled with a normal pressure of 250 lb per roller 
witb rollers of '/ie-in. diameter and 1'/:-in. contour radius fed at as 

equivalent to 224 threads perin. The specimen design is shown in Fig. 3d.) 


diameter specimens covered with a thin film of smoke. The size 
of the recovered indentation was determined with a micrometer 
microscope. There may be a very small difference between the 
recovered and unrecovered area of indentation but its deter- 
mination would require considerable refinement of equipment. 
Table 16 summarizes the calculated and actual indentation char- 
acteristics. 

The calculated values* assume elastic conditions and the actual 
values are based on the measured indentations. In both cases 
an ellipsoidal pressure distribution similar to the Hertz theory is 
used to determine q,, the maximum pressure at the center line of 
ellipsoid of contact between the roller and specimen. 

Fig. 18 shows the value of g, determined from the static in- 
dentation tests plotted against per cent increase in endurance 
limit determined from the fatigue tests on rolled specimens. 
It may be noted that qg, reaches a limiting value and then drops 
off when the fatigue strength becomes a maximum. It would 
also seem as though the fatigue strength for the 1-in. diameter 
specimen would continue to increase with higher rolling pres- 
sures, but the increase would be small compared to the pressure. 

Fatigue Strength of Cold-Stretched Specimens. The results of 
these tests are given in Table 13 with a comparison of similar tests 
made by Moore and Kommers (29) on a different steel. The 


and since they do not give the reason or derivation of their proposed 
relation, no further discussion can be made. 

® Calculations showing how these values were derived are too 
lengthy to include in this paper but the procedure may be found in 
the literature (26, 27, 28). 
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TABLE 13 FATIGUE STRENGTH OF COLD-STRETCHED SPECIMENS 


Stretched ————— Ultimate strength ————— Endurance 

Brinell condition ——Author?— —M. and K.b—~ ——Author?—~ —M. and K.b—~ 
-——hardness*— of Lb per Per Lb per Per Lb Per Lb per Per 
No. Per cent specimen sq in. cent sq in. cent 8q In. cent sq in. cent 
183 100 No stretch 88600 100 61500 100 39800 100 28000 100 
194 106 8% red. area 111500 125 67600 110 50000 126 35000 125 
228 125 17-18% red. of area 107800 122 73400 119 54000 135 41000 146 


@ Results as obtained by the author on specimens made from '/:-in. diameter cold-rolled 0.48-C steel, normalized and drawn. 
+ Results as given by Moore and Kommers (29) for '/:-in. diameter hot-rolled 0.18-C reinforcing steel bars. 


r 400000 TABLE 14 EFFECT OF SURFACE-ROLLING ON COLD-WORKED 
SPECIMENS 

z | Lb per Per Lb per Per 

r 300,000 Y le Condition of specimen sq in. cent sq in. cent 
Normalized and drawn............... 39800 100 46500 117 
a + 7 a Cold-rolled as received from mill...... 51600 100 54500 106 
| Cold-stretched, 8% red. area......... . 50000 100 53500 107 
200000 rr @ Rolling pressure of 130 lb per roller used with a diameter X 
a in. contour-radius roller. Specimen rolled with a feed equivalent to 40 
2 + f 4 threads per in. 
+ 
[100,000 STL increase in fatigue strength. In all these tests it has been found 

that an increase in hardness is associated with higher fatigue 
a | 4 | | | strength. While it is too early to state definitely, the results of 
20 % these tests seem to indicate that the strain-hardening phenomena 

PER CENT INCREASE IN FATIGUE STRENGTH DUE TO SURFACE ROLLING rather than the residual stresses are largely responsible for the in- 
Fig. 18 VARIATION OF qo WitH INCREASE IN FATIGUE creased fatigue strength found with rolled specimens. 

STRENGTH Effect of Surface Rolling of Previously Cold-Worked Specimens. 


In these tests, the surface rolling of specimens which had already 
data presented in Table 13 indicate that strain hardening’ in the heen cold-worked showed a much smaller percentage of increase 
absence of residual stresses was directly responsible for the large in endurance limit than found on the normalized-and-drawn steel. 


0A discussion of strain hardening and residual stresses may be The results of these tests are summarized in Table 14. It has 


found in the literature (27). been shown by O’Neill (30) that an increase in indentation hard- 
TABLE 15 SUMMARY OF TENSILE-TEST DATA OBTAINED ON SURFACE-ROLLED AND COLD-STRETCHED SPECIMENS? 
-——Surface Tensile-test 
Norm. on -—Red. of area— —Elongation°~ ——diagram——— 
press. Roller tour Fas of —Ult. strength—. —Yield point— Per cent Per cent Area, 
———Specimen——— per roller, diam, radius, thds. Lb per Per Lb per Per b Per elonga- Per sq Per Fig. 
Kind No. in. in. in. sqin. cent 8q in. cent of area cent tion cent in. cent 
8-6 Pe ‘eure ae 88600 100 58600 100 56.9 100 33.2 100 6.20 100 34a 
8-9 130 The 11/3 40 96600 109 See stress- ... 56.5 99 aa Pes 5.73 92 34d 
Surface-rolled ....... 8-135 130 1/2 40 99000 112 strain 54.5 96 29.2 88 5.41 87 34e 
8-11 130 /e we 96 99200 112 curves... 49.1 86 29.1 88 4.84 78 34d 
8-10 210 THe = 1'/s 40 95700 108 Fig. 37¢ ... 56.6 99 30.0 90 5.28 85 35a 
7-1 Stretched 7.96% reduction . 
110500 125 106200 182 48.8 86 17.5 53 3.39 55 35d 
Cold-tension-stretched < 7-94 Stretched 8.29% reduction 
area 111100 125 107200 183 51.2 90 18.3 55 2.98 48 35¢ 
8-8 Stretched 18.6% reduction 
area 107800 122 107200 183 50.4 89 18.3 55 2.34 38 35d 


a machined to design shown in Fig. 3b from '/2-in. diameter cold-rolled steel which had and drawn. 
cimen given a mild heat-treatment after rolling for 1 hr at 525 F and left to cool in a closed fur 
age leva of the specimen L used in these tests was 1.2 in., and is obtained from the relation Le = x? 45ivA, where A is the cross-sectional area of the 
4 Specimen given a mild heat-treatment after stretching for 1 hr at 525 F and left to cool in a closed furnace. 
¢ Space does not permit inclusion of these references in this report. 


TABLE 16 RESULTS OF STATIC-INDENTATION TESTS 


Pressure, : Endurance End. limit 
Specimen lb -——2a,* in.—— ——2b,> in.—— ———ab, in.——. lb per sq in. limit, lb increase, 
diam ro Caled. Actual Caled. Actual Caled. ‘Actual aled. Actual persqin. Per cent 
70.5 0.0135 0.0176 0.0132 0.0244 0.000140 0.000338 754000 313000 46400 16 
130.0 0.0166 0.0235 0.0162 0.0315 0.000211 0.000581 925000 336000 49000 23 
0.3 in., cut from !/2-in. stockd 183.0 0.0186 0.0274 0.0182 0.0372 0.000266 0.000799 1036000 343000 51400 29 
210.0 0.0194 0.0308 0.0190 0.0417 0.000290 0.001010 1085000 312000 52200 31 
250.0 0.0206 0.0343 0.0202 0.0454 0.000327 0.001220 1150000 306000 52600 32 
70.5 0.0135 0.0178 0.0132 0.0240 0.000140 0.000336 754000 314000 41500 
130.0 0.0166 0.0235 0.0162 0.0310 0.000211 0.000571 925000 342000 45200 14 
0.3 in., cut from 13/4-in. stock ¢ 183.0 0.0186 0.0287 0.0182 0.0375 0.000266 0.000830 1036000 331000 49500 24 
210.0 0194 0.0313 0.0190 0.0435 0.000290 0.001072 1085000 294000 52000 31 
250.0 0.0206 0.0358 0.0202 0.000327 0.001290 1150000 290000 
780.0 0.0452 0.0776 0.0437 0.0745 0.0001544 0.004540 760000 258000 42100 17 
1440.0 0.0552 0.1004 0.0535 0.0973 0.002321 0.007670 930000 282000 43700 21 


1.0 in., cut from 14/4-in. stocks 2030.0 0.0619 0.1149 0.0600 0.1147 0.002917 0.010350 1043000 294000 44600 24 
2330.0 0.0648 0.1231 0.0628 0.1216 0.003200 0.011750 1093000 297000 coe on 
2770.0 0.0686 0.1319 0.0665 0.1313 0.003587 0.013600 1157000 307000 


° 2a = the major axis of the area of contact. 
. 2b = the minor axis of the area of contact. 
2% = 3/2 X ab = maximum pressure at the center line of ellipsoid of contact between the roller and specimen. 

4 This specimen machined from !/:-in. diameter cold-rolled S.A.E. 1045 steel, normalized and drawn; endurance limit = 39800 lb persq. in. The specimen 
was rolled with rollers of 7/16 i ~ diameter and #/-in. gootous radius 

* This specimen machined from i/ein hot-rolled S.A 1045 unl, normalized and drawn; endurance limit = 39800 lb persqin. The specimen was 
tolled with rollers of in. diameter and contour 

/ This specimen was machined from 1%/,-in. hot-roiled S.A.E. 1045 steel, normalized and drawn; endurance limit = 36000 lb persqin: The specimen was 
rolled with rollers of 1.46 in. diameter and 0.31-in. contour radius. 

Nore: The ?/i¢-in. diameter by #/s2-in. contour-radius rollers were slightly worn at the contour radius due to therolling of a large number of specimens. 
st 4 —— these indentation tests were made, the */xz-in. contour radius measured about !/sin. The calculated values given in the table are based on the 

radius. 
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ness due to cold-working is accompanied by a decrease in the 
work-hardening capacity. This would explain the results ob- 
tained in Table 14. 


CONCLUSION 


The conclusions to be derived from this work, based on the 
limitations imposed by the nature of the materials, tests, and 
size of specimens tested, may be summarized as follows: 


1 Fatigue strength may be increased from 24 to 32 per cent as 
shown in Figs. 11 and 12. 

2 Roller shape has little effect on the increased ‘fatigue 
strength as shown by Tables 5 and 7. 

3 The minimum roller feed for about maximum fatigue 
strength may be expressed by a ratio of roller contact width to 
roller feed equal to 2 or greater. 

4 The irregularity of the surface finish obtained by rolling 
may be controlled by proper feed as shown by Fig. 14. 

5 Mild heat-treatment after rolling gives 6 per cent addi- 
tional fatigue strength. 

6 Cold-stretching of fatigue specimens in tension increased 
fatigue strength as much as 35 per cent as shown in Table 13. 

7 Surface rolling of previously cold-worked steel does not 
give as great an increase in fatigue strength as the annealed 
steel. 

ACKNOWLEDGMENTS 


Much credit is due Prof. S. Timoshenko of the University of 
Michigan for his invaluable suggestions during the progress of this 
work. The interest of T. V. Buckwalter, vice-president of 
Timken Roller Bearing Company, has been of primary impor- 
tance in furthering this research. The assistance of Dr. J. L. 
Maulbetsch has been of great value in these tests. 


BIBLIOGRAPHY 


1 W. Zander and K. Gunther, “Der Einfluss von Oberfliichen- 
beschidigungen auf die Biegungsschwingungfestigkeit,’’ Verdffent- 
lichungen des Wohler-Instituts, Braunschweig, heft 1 and 2, NEM- 
Verlag, Berlin, 1928. 

2 O. Foéppl, ‘Das Driicken der Oberfliiche von Bauteilen aus 
Stahl,”’ Stahl und Eisen, vol. 49, 1929, p. 575. 

3 Paul Behrens, ‘‘Das Oberfliichendrucken zur Erhéhung der 
Drehschwingungsfestigkeit,”” Verdffentlichungen des Wohler-Insti- 
tuts, Braunschweig, heft 6, NEM-Verlag, Berlin, 1930. 

4 G. S. von Heydekampf, ‘Cold Rolling Raises Fatigue or 
Endurance Limit,’’ Iron Age, Sept. 18, 1930, p. 775; also “Should 
Steel Machinery Parts Be Cold Rolled,”’ Iron Age, Oct. 2, 1930. p. 928. 

5 Hilmar Dring, Dri:cken der Oberfliiche und der Einfluss 
von Querbohrungen auf die Biegungsschwingsfestigkeit,’’ Verdffent- 
lichungen des Wohler-Instituts, Braunschweig, heft 5, NEM-Verlag, 
Berlin, 1930. 

6 R. Kihnel, ‘‘Achsbriiche von Eisenbauhfahrzengen und ihre 
Uraac®2n."’ Glasers Annalen, vol. 110, 1932, p. 39. Also Stahl und 
Eisen, vol. 52, Oct. 6, 1932, p. 965. 

7 A. Thum and F. Wunderlich, ‘Einfluss von Einspann- und 
Kraftangriffsstellen auf die Dauerhaltbarkeit der Konstruktionen,” 
Zeit. V.D.I., vol. 77, no. 31, Aug. 5, 1933, p. 851. 

8 A. Thum and W. Bautz, “Steigerung der Dauerhaltbarkeit 
gekerbter Konstrucktionsteile durch Eigenspannugen,”’ Zeit. V.D.I., 
vol. 78, no. 31, Aug., 1934. 


JOURNAL OF APPLIED MECHANICS 


9 A. Thum and H. Oschatz, ‘‘Steigerung der Dauerfestigkeit bei 
Rundstiiben mit Querbohrungen,” Forschung auf dem Gebiete des 
Ingenieurwesens, vol. 3, no. 2, March-April, 1932, p. 87. 

10 H. Oschatz, ‘‘Gesetzmiissigkeiten des Dauerbruches und 
Wege zur Steigerung der Dauerhaltbarkeit,”’ heft 2, Mitteilungen der 
deutschen Materialpriifungsanstalten an d. T. H., Dormstadt, Berlin, 
1933. 

11 Withelm Staedel, ‘‘Dauerfestigkeit von Schrauben,” heft 4, 
Mitteilungen der deutschen Materialpriifungsanstalten, an d. T. H., 
Dormstadt, Berlin, 1933. 

12 H. Koch, “Die Biegewechselfestigkeit einer Keilverbindung 
(Passfederanordnung) und die Erhéhung der Dauerhaltbarkeit durch 
das Oberflachendriicken,”” Mitteilunjgen des Woéhler-Instituts, Braun- 
schweig, heft 20, Berlin, 1934. 

13. A. Thum and F. Wunderlich, ‘‘Dauerbegefestigkeit von Kon- 
struktionsteilen an Einspannungen, Nabensitzen und 4Ahnlichen 
Kraftangriffstellen,” heft 5, Mitteilungen der deutschen Materialprii- 
Sungsanstalten, an d. T. H., Darmstadt, Berlin, 1934. 

14 R. E. Peterson and A. M. Wahl, ‘Fatigue of Shafts at Fitted 
Members, With a Related Photoelastic Analysis,”” A.S.M.E. JournNAL 
oF AppLiep MeEcuHanics, March, 1935. 

15 T. V. Buckwalter, ‘Locomotive Axle and Wheel Research,”’ 
Engineers Society of Western Pennsylvania, Meeting in Pittsburgh, 
Pa., 1935. 

16 O. Féppl and A. Thum, ‘‘Steigerung der Dauerhaltbarkeit 
durch Oberfliichendrucken,”’ Zeit. V.D.I., vol. 77, no. 50, Dec., 1933, 
p. 1335. 

17. ‘E. J. Abbott and F. A. Firestone, ‘‘The Profilograph,”’ A uto- 
motive Industries, Aug. 19, 1933, p. 204. 

18 E. J. Abbott, “Surface Finish and How It Can Be Measured 
and Specified,” S.A.#. Journal, vol. 36, no. 3, March, 1935, p. 112. 

19 R. E. Peterson, ‘Stress Concentration Phenomena in Fatigue 
of Metals,”’ Trans. A.S.M.E., vol. 55, 1933, paper APM-55-19, p. 157. 

20 R. Faulhaber, ‘Uber den Einfluss des Probestabdurchmessers 
auf die Biegeschwingungsfestigkeit von Stahl,’’ Mitteilungen aus dem 
Forschungs-Institut der Vereinigte Stahlwerke Aktiengesellechaft Dort- 
mund, vol. 3, no. 6, June, 1933. 

21 8S. Timoshenko and J. M. Lessells, ‘‘Applied Elasticity,” 
Westinghouse Technical Night School Press, Pittsburgh, 1925. 

22 L. Aitchison, “‘The Low Apparent Elastic Limit of Quenched 
or Work-Hardened Steels,’’ Carnegie Scholarship Memoirs, Iron and 
Steel Institute, vol. 12, 1923. 

23 W. Rosenhain and D. Ewen, ‘‘Intercrystalline Cohesion of 
Metals,” Journal Institute of Metals, vol. 10, 1913, p. 119. 

24 <A. L. Kimball, ‘Internal Friction Theory of Shaft Whirling,” 
General Electric Review, vol. 27, no. 4, 1924, p. 244. 

25 <A. L. Kimball, ‘Vibration Prevention in Engineering,’’ John 
Wiley and Sons, Inc., New York, 1932, p. 124. 

26 8S. Timoshenko, ‘Theory of Elasticity,’”” McGraw-Hill Book 
Company, New York, 1934. 

27 H. Thomas and V. Hoersch, ‘‘Stresses Due to the Pressure of 
One Elastic Solid Upon Another,”’ Engineering Experiment Station 
University of Illinois, Bulletin No. 212, July, 1930. 

28 N. M. Belajef, Bull. Inst. Engineers of Ways of Communica- 
tions, no. 102, Leningrad, 1929. 

29 H. F. Moore and V. B. Kommers, ‘‘An Investigation of the 
Fatigue of Metals,’’ Engineering Experiment Station, University of 
Illinois, Bulletin No. 124, Urbana, IIl., 1921. 

30 Hugh O'Neill, ‘“‘The Hardness of Metals and Its Measure- 
ments,’’ Chapman and Hall, London, 1934. 

31 E. Meyer, ‘Untersuchungen Uber Hiirtepriifung und Harte,” 
Zeit. V.D.I., vol. 52, 1908, p. 645. 

32 O. Schwarz, ‘‘Zugfestigkeit und Hirte bei Metallen,’’ Forsch- 
ung auf dem Gebiete des Ingenieurwesens, vol. 313, 1929. 

33 Zay Jeffries and Robert Archer, ‘‘The Science of Metals,”’ 
McGraw-Hill Book Co., New York, 1924 


| 
tae 
is 
; 
| 
¥ 
<3 
| 


A Method of Harmonic Analysis 


By FRANK M. LEWIS,' NEW YORK, N. Y. 


The method of harmonic analysis described in this 
paper is of the selected ordinate type. It is similar to the 
Fischer Hinnen analysis in that a different spacing of 
ordinates is used for each harmonic component to be 
determined, and no multiplications are necessary. The 
basis of derivation is the assumption that the curve to 
be analyzed can be replaced by a parabola passing through 
certain ordinates in each half period of the harmonic 
component. A spacing of these ordinates is then found 
such that the sum of the ordinates is proportional to the 
harmonic component of the parabolas replacing the 
original curve. 

Spacings have been determined for 3, 5, and 7 ordinates 
per half period, corresponding to parabolas of second, 
fourth, and sixth orders. In the five and seven ordinate 
rules it is necessary to use a multiplying factor of '/» for 
the end ordinates. 

In use a set of transparent charts with the ordinates for 
each component are constructed. Laid over the curve to 
be analyzed, the ordinates can be quickly summed on a 
strip of paper. 

The accuracy of the method is relatively high and in use 
it is of the utmost simplicity, so that with a set of charts 
once prepared, correct results can be obtained by the most 
unskilled computer. 


ETHODS of harmonic analysis by selected ordinates 
are of two types: Analyses in which the identical 
spacing of ordinates is used to determine all the com- 

ponents; and analyses in which a different spacing of ordinates 
is used to determine each harmonic component. 

Methods of harmonic analysis by identical ordinates have 
been devised by several writers.? In general, the procedure is to 
divide the period into a number of equidistant intervals, enter 
the ordinates at these points in tabular forms, multiply each 
ordinate by a set of constants, and by proper combinations and 
additions of the products the harmonic coefficients can be deter- 
mined up to an order number which depends upon the number of 
intervals into which the period is divided. The tedious multipli- 
cations are an undesirable feature in this procedure, and the use 
of the tabular forms requires considerable skill and care on the 
part of the computer. 

The Fischer Hinnen analysis and the method to be presented 
in this paper are examples of the second type. 

The Fischer Hinnen analysis,* in which a different spacing 
of ordinates is used for each of the harmonic components avoids 
the multiplications of the identical ordinate methods. It may 
be stated as follows: 


1 Professor of Engineering, Webb Institute of Naval Architecture. 
Mem. A.S.M.E. 

? “Higher Mathematics for Engineers and Physicists,’’ by I. S. 
and E. S. Sokolnikoff, McGraw-Hill Book Company, New York, 
N. Y., 1934. This text contains a discussion of several of these 
methods as well as a discussion of the Fischer Hinnen analysis. 

3‘*Method zur schnellen Bestimmung harmonische Wellen,’”’ by 
J. Fischer Hinnen, Elektrotechnische Zeitschrift, vol. 22, no. 9, May 9, 
1901, pp. 369-398. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of the 
Society. 


“Tf starting at z = 0, we measure 2n ordinates at intervals 
1/2n, where | is the periodic length, the average of these ordinates, 
taken alternately plus and minus, is equal to the sum of the 
amplitudes of the nth, 3nth, 5nth, etc., cosine components.” 

A similar rule holds for the sine components. 

If the higher components are small or absent, or a high degree 
of accuracy is not necessary, this rule is particularly simple and 
rapid in application. It is desirable to lay down the curves to a 
standard length and construct a set of ruled transparent charts 
with the ordinate spacing, one for each of the components. 

If higher components are present and accuracy is desired, it is 
first necessary to determine a number of the higher components, 
and use these to correct the lower, and the rule loses somewhat in 
simplicity. 

The method of analysis to be described in this paper is similar to 
the Fischer Hinnen analysis in that a different spacing of ordi- 
nates is used for each of the harmonic components and multipli- 
cations are avoided, but it has an entirely different basis of deri- 
vation. It is particularly useful in those cases where higher 
components are present and accuracy is wanted. Any particular 
component is determined independently of the others. 

The three-ordinate rule will be described first. 

Referring to Fig. 1 the period AB is divided into 2n equal in- 
tervals, where n is the order number of the harmonic coefficient 
to be determined. For sine components the intervals will all 
be equal, while for cosine components there will be half intervals 
at the ends. Taking an origin at the center of any one of these 
intervals any harmonic coefficient, sine or cosine, will be given by 


1 
nh J —n/2 h 


> meaning the sum of the contributions from the separate in- 
tervals. 

It is assumed that in each interval the arbitrary curve y = 
f(z) can be replaced by a parabola of the form 


[2] 


The spacing of three ordinates will be determined so that if in 
any interval, f(z) is replaced by the parabola passing through 
these ordinates, the integral in Equation [1] will be proportional 
to the sum of the ordinates. 

This procedure is suggested by Tchebycheff’s rule for areas. 
In Tchebycheff’s rule an ordinate spacing is found so that the 
area is proportional to the sum of the ordinates. In this paper a 
harmonic coefficient is made proportional. 

It will be assumed that one of the ordinates is at the center of 
the interval and that the others are equidistant 2; to left and right 
of the center. 

Then 


A, (CD contribution) 


h/2 


= 2 
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Fie. 2 Harmonto-Anatysis Caart—Fourta Orper (Tares-Orpinate 
(ad or Bs = [1/ex][sum of the ordinates represented by solid lines minus the sum of the ordinates represented by dashed lines.] For the shorter 


Fischer Hinnen rule, as or = [!/s] [sum of the 


Evaluating the integral and equating the coefficients of a; and a, 
there is obtained 


M = (4x)(1/6n) 


ay = — 4] = 0.26652 h 


Fig. 2 illustrates the spacing of ordinates for a complete chart 
as prepared for the fourth-order components. The period is 
taken as 12 in. This is divided into eight intervals of 1'/; in. 
each. Ordinates are laid off to the right and left of the center of 
each of these a distance 0.26652 X 1.5 in. = 0.399 in. 

The curve to be analyzed is laid down to a periodic length of 
12in. To determine the fourth-order sine coefficient, the fourth- 
order chart is laid over the curve so that the termini marked 
“sine” are at the termini of the curve, and the sums of the 
ordinates under the ruled lines determined, the full lines being 
taken as positive and the dashed lines as negative. The sum of 
these ordinates multiplied by M = 1/67 will be an approximation 
to the fourth-order coefficient given by the integral in Equation 
[1]. How close an approximation is obtained depends upon 
how close the individual sections of the actual curve approximate 
to parabolas. 

To obtain the cosine coefficient, the chart is shifted until the 
termini marked “cosine” terminate the pesiod and exactly the 
same procedure is followed. The end ordinates must be added 
only once. 

The charts should be laid over the curve so that the lowest 
ordinate of the curve is above the axis of the charts. This 
obviates any difficulty from sign of the ordinates. 


resented by the solid lines minus the sum of the ordinates represented by the 
only the ordinates marked z.) 


The additions can be made very rapidly and accurately by 
marking off the positive ordinates in succession on one edge of a 
strip of paper and the negative ordinates on the opposite edge, 
and taking the difference of the lengths. 

Charts for any other order can be prepared in exactly the same 
manner. 

Where it is known that harmonics, which are an odd multiple 
of the order to be determined, are not present, or where high ac- 
curacy is not needed, the same charts may be used to determine 
the harmonic coefficients by the Fischer Hinnen method. In this 
case, only the central ordinates of each group are utilized and 
their sums (ordinates taken alternately plus and minus) are di- 
vided by the number of ordinates. 

The method which has been described is designated as the 
three-ordinate rule, there being three ordinates per half period of 
the harmonic component. For low-order components, this num- 
ber of ordinates may not fix the curve to be analyzed closely 
enough to determine the coefficients with accuracy. For this 
purpose a five-ordinate rule and a seven-ordinate rule have been 
devised. 

For the five-ordinate rule it is assumed that the curve to be 
analyzed can be represented in each interval by an equation of the 
form 


Y = Ay + + + + ayrt 


It is found that the resultant ordinate spacings are 2, = 
0.0881h, and z; = 0.33267 The three central ordinates are 
closely grouped and, as a result, the curve will be defined with 
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Fie.3 Harmonic-ANaLysis CHantT—Seconp Onper (Five-OrpinaTe Rowe) 


(a: or 6B: = [}/¢r] [sum of the black ordinates plus one-half of the red ordinates]. The solid lines are taken as positive and the dashed 
lines are taken as negative.) 


12 > 
3 —6 3 3 > 
| | 3 3 


Fic. 4 Harmonic-ANALysis CHarT—First Orper (Szeven-OrpinaTE RULE) 


(a, or &: = ['/s] [sum of the black ordinates plus one-half of the red a The solid lines are taken as positive and the dashed 
lines are taken as negative. 


but little greater accuracy than when the three-ordinate rule is 
used. 

A five-ordinate rule of much higher accuracy can be obtained 
by taking the sum of the three central ordinates plus one half 
the sum of the two end ordinates. The conditions for this case 
for any order n lead to 


h/2 
1f (ay aye + + agt') dz 
nh J —n/2 h 


= + + + + 
from which by equating the coefficients of the a’s 
M = (4/x)(1/8n) 
+ = (2h*/x*)[(x*/2) — 4] 
+ mt = (44/16) — 3x? + 24] 
solving 
% = 0.1652h 
= 0.3673h 


Fig. 3 shows a second-order chart spaced for the five-ordinate 
rule with half end ordinates. In making up an actual chart, the 
half ordinates should be ruled in red. 

A seven-ordinate rule with full ordinates cannot be obtained 
as the equations for the ordinate spacing have imaginary roots. 


However, a seven-ordinate rule with half end ordinates can be 
obtained. The equations are 


M = (4/r)(1/12n) 
h/2 


ah (ao + aye + cos = dz 

= M[6ay + ay (22, + 2x4? + 

+ + + + + 2x26 + 
leading to 


2x? + + = (6h*/x*) — 2] 
+ + = [(x*/16) — 3x* + 24] 


64 16 
2 
47 | 
4 
solving 

= 0.1232h 
= 0.2214h 
2 = 0.3946h 


In Fig. 4 is shown the first-order chart using the seven-ordinate 
rule with half end ordinates. It will be seen that the distribution 
of the ordinates is such as to determine the curve very accurately. 
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It is evident that the foregoing rules by no means exhaust the 
possibilities. Rules might be devised having an even number of 
ordinates, use other multiples than one-half, rules of more than 
seven ordinates, etc., etc. It is believed, however, that the fore- 
going three-ordinate, five-ordinate, and seven-ordinate rules will 
cover all the practical requirements. 

In practice, for the analysis of such curves as the turning-effort 
curve of internal-combustion engines, we customarily use the 
seven-ordinate rule for the first-order component, the five- 
ordinate rule for the second order, and the three-ordinate rule 
or the Fischer Hinnen rule for components of any higher order. 

It is difficult to appraise the accuracy of approximate rules of 
harmonic analysis. This depends to a large extent upon the 
particular curve being analyzed. 

The error in the foregoing rules may be expressed as a function of 
the higher components which are odd multiples of the order under 
consideration, but no clear idea of the accuracy of the rules would 
be given by such equations. In curves with high-order compo- 
nents of large amplitude (ripples) particular care must be taken, 
and any of the approximate methods of analysis may fail to give 
accurate results for the low-order components. It is noted that 
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if the rules are applied to analyze a sine curve, the actual ampli- 
tude of which is unity, the three-ordinate rule gives an amplitude 
of 0.9925; the five-ordinate an amplitude of 1.00000723 and the 
seven-ordinate an amplitude of 1.0000231, which does not imply 
that in actual use the seven-ordinate rule is less accurate than the 
five-ordinate rule. 

The author is indebted to Frederick Porter for assistance in 
the numerical solution of the equations given in this paper. 
More accurately the spacings are: 


For the three-ordinate rule 
a = 0.266526638h 
For the five-ordinate rule with half end-ordinates 


= 0.165155076h 
22 = 0.367257584h 


For the seven-ordinate rule with half end-ordinates 


% = 0.123223004h 
= 0.221410966h 
= 0.394629380h 
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Thermal Stresses in Plates 


By JOHN L; MAULBETSCH,? CANTON, OHIO 


The author presents solutions of the problem of thermal 
stresses in thin plates of uniform thickness with simply 
supported edges when the temperature varies only along 
the thickness of the plate. For the case of polygonal- 
shaped plates it is shown that the solution can be deduced 
from the problem of the torsion of prismatical bars, the 
cross section of which has the same shape as the plate. 
The exact solutions for cases of equilateral triangular and 
square plates are given. Although only the case of smal] 
deflections is considered, its limitations are treated in 


detail. 


INTRODUCTION 


F A PLATE of uniform thickness has its two faces kept at 

I different uniform temperatures, there will be a flow of heat 
from one face to the other, and for a homogeneous material, 
there will be a temperature distribution varying linearly over the 
thickness of the plate. If the plate is free of constraints, there 
will be, in general, no stresses resulting from such nonuniform 
heating. Stresses will be produced if displacements of the 


n 


=f 
Pn 


Fie. 1 


plate are prevented, for instance, by some type of supports along 
the edges.*? In this paper thin plates with simply supported 
edges are considered. 

The application of the results is limited by the usual assump- 
tions made in the theory of thin plates with small deflections. 
The assumptions are: (1) That the material is homogeneous, 


isotropic and follows Hooke’s law, (2) that straight lines initially 


normal to the middle surface remain straight and normal to that 
surface after bending, and (3) that deflections are small com- 
pared to the thickness. 


1 From a dissertation submitted in partial fulfillment of the re- 
quirements for the degree of Doctor of Philosophy in the University 
of Michigan, February, 1935. 

Aor eee Engineer, Timken Roller Bearing Company. Jun. 
A.S.M.E. 

3 “Strength of Materials,” by S. Timoshenko, vol. 2, 1930, D. 
Van Nostrand Company, Inc., New York, N. Y., p. 487. 

Presented at the National Applied Mechanics Meeting of THe 
AMERICAN Society or MECHANICAL ENGINEERS held at the Univer- 
sity of Michigan, Ann Arbor, Mich., June 18-19, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.8S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


The following nomenclature will be used: 


t, = difference of temperature between the upper and 
lower faces of the plate. This temperature differ- 
ence is positive if the temperature of the lower 
face is greater than the temperature of the upper 
face 

Z, y, 2 = coordinate axes. The middle plane of the initially 
flat plate is chosen as the z-y plane. The lower 
face of the plate is the plane z = + h/2, and the 
upper face z = —h/2 

w = deflection of the plate. This deflection is positive 
when it occurs in the direction of the positive z- 
coordinate 

a = coefficient of thermal expansion 

E = modulus of elasticity 

vy = Poisson’s ratio 

D = Eh*/ 12(1 — »*) = flexural rigidity of the plate 

m,, m, = bending moments per unit length 
M,y, ™,, = twisting moment per unit length 
Pz» Py Px = Shearing forces per unit length 


The positive directions of moments and forces are shown in Fig. 1. 


THERMAL SrresseEs IN PLates 


Under nonuniform heating, a plate with free edges is bent to a 
spherical surface. This bending can be eliminated by applying 
uniformly distributed bending moments along the edges of the 
plate. When the plate is held flat, let it be fastened to simple 
supports along the edges, and then let the applied couples be 
removed. The removal of these couples will produce some bend- 
ing in the plate, and the stresses due to this bending, together 
with the stresses produced initially by the uniformly distributed 
couples, will represent the thermal stresses which are produced 
in the plate due to nonuniform heating. 

Thus, the problem of thermal stresses in plates with simply 
supported edges is divided into (1) the determination of stresses 
in a plate free from constraints produced by uniformly dis- 
tributed couples, and (2) the determination of stresses in a simply 
supported plate submitted to couples uniformly distributed along 
the edges. The first problem can be solved readily, but the 
second requires, in the case of plates of polygonal shape, solution 
of a differential equation of the second order.‘ The same type 
of differential equation occurs also in the torsion problem of 
prismatical bars and in the one of the deflection of membranes. 
Solutions are known for these cases and can be used in the cases 
considered in this paper. 

Thermal Stresses in an Equilateral Triangular Plate Simply 
Supported at the Edges. Let a be the height of the triangle and 
z and y be the coordinate axes as shown in Fig. 2. The deflection 
w due to nonuniform heating is found, as shown in Appendix 2, 
to be 


- 


+») +y) — Bey’) 


The bending and twisting moments are 


4 See Appendix 1. 
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m, = —(1/24) at,Eh? (1 + 32/a) 
m, = —(1/24) a t,Eh* (1 — 32/a) 
mz, = (1/24) (3y/a) 
In the case of plates of polygonal shape, as is shown in Appen- 
dix 1, the shearing forces p, and p, vanish, and the sum of the 


bending moments m, and m, is constant at every point of the 
plate and is equal to —Et,h?/12. 
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Fie. 4 or BENDING AND TwisTiInc MomeENTs IN 
EQUILATERAL TRIANGULAR PLATE 


These expressions do not contain v, that is, thermal stresses in 
such plates are independent of Poisson’s ratio. The moments My 
My, and{m,, depend only on the coefficient of linear expansion 
and on{the;modulus of elasticity E of the material, for a plate of 
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definite dimensions a and h and for a certain temperature differ- 
ence f¢,. 

Along the boundary of the equilateral triangular plate, there 
is a uniform distribution of reaction forces of intensity (— at,/8) 
(#h*/a) and at each corner there acts a concentrated reaction 
(V/3/ 12)at,Eh? as shown in Fig. 3. This system of boundary 
forces is in equilibrium. 

The variations of m,, m,, and m,, over the plate are shown 
in Fig. 4. The bending moments have the largest values at the 
corners. Therefore, since the stresses are proportional to the 
moments, the greatest tensile and compressive stresses are also 
at the corners. In the case of brittle materials such as glass, 
the failure of which can be predicted by means of the maximum- 
stress theory, cracks due to nonuniform heating would be ex- 
pected to develop at these points. In the case of ductile mate- 
rials such as steel, the maximum-shear theory applies, and it 
can be seen that the maximum shearing stress occurs also at the 
corners. Yielding of the material will therefore start at these 
points. 
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Square Plate. Let 2a be the length of the sides of the square 
and let the system of coordinates be as shown in Fig. 5. The ex- 
pressions for the deflection and moments, as derived in Appendix 
2, are 


1 cosh (n xy/2a) 
w= cosh (nx/2) | 


n=1,3,5... 
(3] 
m, = —(E/3=)htat, S; 
m, = —(E/3x)h*at, + 
= (E/3x)hat, Ss 
In Equations [4] 
cosh (nxy/2a) = | = 
1,3,5 Al cosh (nx/2) | °° 


ain log {(x/2) — (wy/2a)] + cos (xx/2a) 
cosh [(«/2) — (y/2a)] — cos 


cosh (nx/2) 
1, _ cosh [(/2) — (xy/2a)] + cos (w2/2a) 


+ cosh [(/2) — — 08 (w2/2a) 


The distribution of m,, m,, and m,, is shown in Figs. 6 and 7. 
It is seen that the maximum bending moments occur along the 
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edges of the plate and the largest twisting moments near the 
corners. The reactions of the supports along the edges of the 
plate are illustrated in Fig. 8. Due to symmetry the dime 
conditions exist along all four edges of the square plate. Be- 
tween points B and B, there will be a distribution of reaction 
forces of intensity 


6 a 2 2a 2 sin (w2/2a) 

13,5... 

The distribution of forces near the corners is treated in Appendix 


2. It is shown that over a distance c from the corners, their 
resultant is 


and, relative to point B, their resultant moment is 
2 ) 1 nr . 
Mas = Eh'at, n tanh sin Oa {7} 
Bae... 


The distance c from the corner, along which the exact dis- 
tribution of forces is unknown may be taken equal to the thick- 
ness of the plate, since it is usual to assume in the theory of thin 
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Fie. 6 Distrrsution or S; Over ONE QUADRANGLE OF THE 
Square PLATE 


(Bending moments: mz = —[E/3x]h*atoS; and my = —[E/3r]ate 
h? [(#/4) + Si].) 


plates that the stress distribution is not given correctly by the 
mathematical theory for points situated at distances from the 
edges less than the thickness of the plate. If there is yielding of 
the material near the corners, then the distance c must be taken up 
to the point where yielding begins if this distance is larger than 
the thickness of tle plate. The investigation of the danger of 
vielding of the material can be made only for specific dimensions, 
material, and temperatures; 


CONCLUSIONS 


The stresses ¢,, ¢,, and r,, vary linearly over the thickness of 
the plate and their maximum values occur at the upper and 
lower faces of the plate. They are determined by means of the 
known relations® 


o, = *6(m,/h?), = 6(m,/h*), = +6 (m,,/h?*) 
In the cases of triangular and rectangular plate the moments 
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are proportional to h?, hence the thermal stresses will be inde- 
pendent of the thickness h. They are proportional to the coeffi- 
cient of linear expansion a, the modulus of elasticity F and the 
difference of temperature t,. However, the values of ¢, are 
larger in thick plates than in thin plates for the same difference 
in gas temperatures,* so that the thicker the plate the greater the 
thermal stresses. 


5 “Die Elastische Platten,’’ by A. Nadai, Julius Springer, Berlin, 
Germany, 1925. 

* The difference of temperature ¢, is not the difference of tempera- 
tures between the fluids or gases in contact with the faces of the 
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The results derived apply only to the case of deflections which 
are small compared to the thickness of the plate. In the case of 
the square plate, the maximum deflection occurs at the center 
of the plate, and from Equation [3} 


Wmax/h = (4/4) (2a/h)* (1 + v) at, 0.57107 


It is seen that for a given material, the ratio wmas/h is propor- 
tional to (2a/h)* and to the difference of temperature f,. As- 
suming, for instance, that wmax/h must not be greater than 1/3, 
the maximum admissible value for t, up to which the theory may 
be applied can be calculated in functions of 2a/h. 

Assuming a steel plate and taking a = 0.056/10¢ in. per in. 
per deg F and » = 0.3, Table 1 is obtained. In the case of 


TABLE 1 
Max stress, 
2a/h te max, F lb per sq in. 
50 375 31500 
100 7900 
200 23 1900 


plates with small ratios of 2a/h, smaller than 100 for instance, 
the theory will always be applicable because to obtain values 
of ¢, such as those given in Table 1, it would be necessary to 
have very large temperature differences between the gases sepa- 
rated by the plate.’ 

For plates with larger ratios of 2a/h the theory is applicable 
only when the difference of temperature between the two faces is 
small. In such plates the thickness cannot be very large if the 
length of the plate is to be kept within reasonable values, and 
the drop of temperature in the plate itself will be small. 

If concrete is considered instead of steel similar results are 
obtained. 

It is seen then that the limitation of the theory to the case of 
small deflections does not greatly limit its applicability to prac- 
tical’eases. 


Appendix | 
MATHEMATICAL DERIVATIONS 


As explained previously the problem of thermal stresses due 
to nonuniform heating of a plate with simply supported edges is 
divided into two steps. 

In the first step, the uniformly distributed couples, counter- 
acting the thermal bending of the free plate produce at every 
point of the plate a bending moment® 


M = —(1 +») 


The second step is the case of a simply supported plate sub- 
mitted to couples uniformly distributed along the edges. The 
magnitude of these couples is (1 + v) D (at,/h) so that when the 
second step follows the first step, the edges become free of bending 
moments. 

From the theory of thin plates it is known that the deflection 
w of a simply supported plate submitted to the action of couples 
uniformly distributed along the edges must satisfy the differen- 
tial equation® 


plate, but only a fraction of it, due to the drop of temperature in 
the layers of fluids touching the faces. Assuming still air on both 
sides of a steel plate, one finds that ¢, is 1/300 of the difference of 
temperatures between the gases if the plate is 1 in. thick, if the plate 
is 6 in. thick, then this ratio is 1/27. 

7 It is to be noted that the theory must be applied to cases where 
the maximum temperature of the plate is still low enough to have 
the material under conditions satisfying the assumptions of the 
theory of elasticity. 
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with the boundary condition w = 0 


at, 

where n indicates the direction of the outer normal to the bound- 
ary and s is the tangent to boundary of the plate, as shown in 
Fig. 1. 

If the plate is of polygonal shape, the partial differential equa- 
tion of the fourth order may be reduced to one of the second 
order.* It is shown that a polygonal boundary consists of straight 
lines along which (0%w/ds?) = 0, since w = 0 at the boundary. 
Therefore, along a straight boundary, the second boundary condi- 
tions are 


(0%w/dn*?) = + at,/h 
but? 
and since (0°w/ds?) = 0 


This equation needs to be satisfied along the boundary of the 
plate only. However, if w satisfies this equation over the whole 
region with the boundary condition w = 0, it is seen that w will 
also satisfy the original Equation [9] of the fourth order and its 
corresponding boundary conditions. Thus, for this particular 
case of bending of plates, the calculation of w reduces to the 
solution of Equation [10] with the boundary condition w = 0. 

Superposition of the second step on the first step gives the 
case of a simply supported plate submitted to nonuniform heat- 
ing. In the first step the plate remains flat, and the total deflec- 
tion is the deflection obtained by integration of Equation [10] 
with the prescribed boundary conditions. The same problem 
of thermal stresses in plates was treated by N. Yamaguti and 
R. G. Olsson,'® who derived a partial differential equation of the 
fourth order. The first author also gave a solution for the case 
of rectangular plate, but it contains very slowly converging series 
which do not lend themselves to accurate numerical calculations. 
By means of known relations’ between the bending moments m,, 
m,, the twisting moment m,,, the shearing forces p,, p,, and 
the deflection w, one obtains finally for the problem of thermal 
stresses 


m, = +») DS 


oy? 
at, 


the second parts in these expressions are the uniformly distributed 
moments of the first step 


my = —D (1 +») = 


5 ‘‘Berechnung der ringsum frei aufliegenden gleichseitigen Dreieck- 
platte,’’ by S. Woinowsky-Krieger, Ingenieur-Archiv, vol. 4, 1933, 
page 254. 

* The sum of the radii of curvature in two perpendicular planes is a 
constant. 

‘0 **Thermal Flexure of a Thin Plate Heated Uniformly on One 
Surface,"’ by N. Yamaguti, Journal of the Faculty of Engineering, 
Tokyo Imperial University, vol. 18, no. 1, 1928. 

“Die Biegung der rechteckigen Platte veriinderlichen Dicke,”’ by 
R. G. Olsson, Dissertation, Berlin, 1932. 
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(13] 
Py dy? 


It is to be noted that for a polygonal plate one has because of 
Equations [13] and [10] 


=P, = 9 


that is, the shearing forces are zero. 
Also adding m, and'm, and making use of Equation [10] 


m, +m, = — E at,h*/12 


The sum of the bending moments m, and m, is constant at 
every point of the plate and is independent of Poisson’s ratio. 

The reactions of the supports along the edges should represent 
the twisting moments. These moments can be replaced by a 
distribution of shearing forces 


and by concentrated forces at the corners. If m and m, are 
the twisting moments at a corner of the plate, the concentrated 
force P at this corner is 


P = Mm — [15] 


The rules for the sign of the moments and forces in Equations 
{14] and [15] are: The twisting moment m,, is positive when 
the vector m,, representing the twisting moment in a right- 
handed system coincides with the outer normal to the boundary, 
and the forces p’, and P are positive when their direction coin- 
cides with the positive z-axis. 


Appendix 2 


EQUuILATERAL-TRIANGULAR PLATE 
Referring to Fig. 2, the solution of Equation [10] in the case 
of an equilateral triangle, from the problem of torsion, is 
(1 +») at, | (x? + (z* — 3zy?) = 2a? 
2 h 2 2a 27 


By means of Equations [11] and [12], the expressions for 
the moments, Equation [2], are derived. The boundary condi- 
tions, shown in Fig. 3, are determined by Equations [14] and [15]. 


SquaRE PLATE 


Again using the solution of Equation [10] as obtained in the 
torsion problem 


cosh (nx/2) 2a 


and from Equations [11] and [12] 


n= 1,3,5... 
E lcosh(nxy/2a) . 
a= 13,5... 


Ney = = Wat, (nx/2) [18] 


n= 1,3,5... 


As in the case of the triangular plate, these expressions are 
independent of Poisson’s ratio. 

N. Yamaguti’® calculated the values of the moments by taking 
the first five terms of these series and obtained errors as large 
as 5 per cent in the numerical values. These series may be 
transformed so as to improve the accuracy of the computations. 
It is done as follows: 

Bending Moments m, and m,. It is noted that with increasing 
values of n, the terms of the series m, as given in Equation [16] 
differ less and less from the terms of!' 


An accurate approximation of the sum of the series m, can be 
found by taking the sum of the series given in Equation [19] 
and adding to it a correction due to the difference in value of the 
terms of the two series. This difference is!* 


nL cosh (nx/2) |" 


n = 1,3,5.. 


This new series is rapidly convergent and the first three terms 
are sufficient to give an accuracy of 0.01 per cent. 

The expression for the bending moment m, is then as given by 
Equations [4]. 

The values of the bending moment m, follow from those of m, 
since the sum of m, and m, is a constant at every point of the 
plate. 

Twisting Moment m,,. The series of m,, as given in Equa- 
tion [18] may be similarly transformed into a better converging 
series, if one makes use of '! 


nxt 
-—— cos = 
n 2a 
n= 13,6... 


1 log cosh [(#/2) — (ry/2a)] + cos(wz/2a) 
cosh | (#/2) — (wy/2a)] — cos(wz/2a) 


One obtains then the expression given in Equations [4] for 

To find the boundary forces, consider the edge AD shown in 
Fig. 5 where y = a and 0<z<a. Due to symmetry the condi- 
tions along the other edges of the square plate will be identical. 

From Equations [4], one obtains for the forces at the edge 


Pn 8 at, (saan sin Qn 


n= 1,3,5... 


1 
+ 2sin 


11 ‘Elementary Treatise on Fourier’s Series, and Spherical, Cylin- 
drical and Ellipsoidal Harmonies With Application to Problems in 
Mathematical Physics,’’ by W. E. Byerly, Ginn & Company, Boston, 
Mass., 1893, p. 100. 

12 This procedure is justifiable since the two series are uniformly 
convergent for an interval 6 S x S 2r — 5, where dé is a quantity 
satisfying the condition 0 < 5 <r. See ‘‘Theorie und Anwendung 
der Unendlichen Reihen,”” by K. Knopp, Julius Springer, Berlin, 
Germany, 1930, p. 360. 
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The variation of (p,’), = a as given by this equation is shown 
in Fig. 8. The series is uniformly convergent for an interval 
6 Sz S 2xn—siwithO<8< +. When 4 is made very small, z 
approaches the value 0 or 2a, and p,,‘ increases without limit. 

The concentrated forces at the corners cannot be obtained from 
Equation [15], for when z approaches 0 or 2a, the value of the 


Cc 


9 


r 


twisting moment tends to approach infinity. The infinite forces 


given by the mathematical solution at the corners cannot exist 
in practical cases, but some indications of the conditions near 
these points can be derived from this solution. 

Consider the element AB’A’'C’ of side ¢« in Fig. 9 as being 
If the stress conditions within the rest 


separated from the plate. 
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of the plate are not to be altered, the internal stresses existing 
along B’A’ and A’'C’ prior to removal of the element must be 
considered as applied forces. The vertical forces resulting from 
the distribution of forces along AB’ A’ C’ C may be determined- 
When ¢ is made smaller and smaller this force will be the resultant. 
of the forces acting along BA and AC. Because of symmetry, 
the resultant of the forces distributed along BA is equal to the 
resultant along AC so that the resulting force acting on BA may 
be determined. Hence 

Pap (m,,)z 

The moment M 4, of the resultant force P4, relative to point. 
B must be equal to the sum of the twisting moments m,, dis- 
tributed along AB, since the system of forces p,’ and Py, 
must be equivalent to the system of twisting moments m,,. 


. Therefore 


2 1 nx 
Mas = Bhat, tanh sin 
n= 13,5... 
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The Strength and Stiffness of Cylindrical 
Shells Under Concentrated Loading 


By R. J. ROARK,'! MADISON, WIS. 


In certain structures and under certain conditions of 
use, cylindrical or nearly cylindrical shells are subjected 
to concentrated loading. This paper presents empirically 
derived formulas for the stresses and deflections produced 
by such loading, and describes the tests on which these 
formulas are based. 


INTRODUCTION 


N CERTAIN structures and under certain conditions of use, 
cylindrical or nearly cylindrical shells are subjected to con- 
centrated loading. Examples of this are found in standpipes 

or water tanks with internal spider bracing, in jacketed pressure 
containers and boilers, in airplane fuselages of the monocoque 
type, and in submarine hulls. Usually the magnitudes of the 
forces involved are more or less conjectural, and the degree of 
uncertainty as to form, area over which the load is distributed, 
and boundary conditions, is such as to make the development 
and application of a precise theoretical method for calculating 
stresses and deflections impracticable. It would seem more 
expedient to resort to empirical methods based on experiment. 

In connection with tests to determine the bending stresses 
present in partly filled pipes of large diameter, the author made 
use of specimens and equipment at hand to investigate the effect 
of concentrated loading. From the data secured, empirical 
formulas have been developed which are believed to be of value 
in predicting the stress and deflection to be expected from the 
application of widely separated concentrated loads to a thin 
cylindrical shell whose length is great in comparison with its 
diameter. It is the purpose of this paper to describe these 
tests and to present the formulas based thereon. 


Test SPECIMENS 


For investigating stresses and local deformations, two large 
steel cylinders were used. One of these was a specially con- 
structed, longitudinally welded cylinder 0.129 in. thick, 23 in. 


diameter, and 10 ft long, with open ends. The other was a> 


segment of seamless rolled pipe, 0.330 in. thick, 23.5 in. diameter, 
and 12 ft long. This second specimen was tested first with 
open ends and afterward with constrained ends. Constraint 
was secured by welding plates, */, in. thick and 3 ft square, 
against the end of the pipe and then cutting holes in these plates 
of nearly the same diameter as the pipe, leaving, in effect, wide 
flanges on the ends of the pipe sufficieatly rigid to prevent appre- 
ciable deformation. Fig. 1 represents this test piece with flanges 
attached. 

The first cylinder described was very nearly uniform in thick- 
ness; the second, though regular in outline, varied considerably 
in thickness, measurements ranging from 0.318 in. to 0.331 in. 
It was therefore necessary to cut holes and make local measure- 
ments at the point of loading to ascertain the thickness there, 


! Professor of Applied Mechanics, University of Wisconsin. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 30, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


and the results for stress at points remote from the load are in 
some measure vitiated by uncertainty as to the exact thickness 
of metal at those points. 

For further study of deformations, two long seamless brass 
tubes were used. One of these was 12 ft long, 2.5 in. diameter, 
and 0.029 in. thick; the other was 6 ft long, 3 in. diameter, 
and 0.065 in. thick. It is believed that because of the great 
length of these tubes in comparison with their diameters, end 
effects were eliminated, and conditions secured comparable to 
those in a cylinder of infinite length. 


oF TESTING 


Steel Cylinders. In order to eliminate the effect of variation 
in the supporting reactions and in order to secure symmetry. 
it was desired to employ a loading that comprised two equal and 
opposite concentrated forces, acting at points diametrically 
opposite, and so applied as to produce no change in the forces 


Fie. 1 Street Cruinper Wits Fiances Usep to DETERMINE 
Errsect or Enp CONSTRAINT 


that supported the specimen. This was accomplished by means 
of the system of levers and deadweights shown in Fig. 2. The 
specimen was supported at the ends by light rods. The lever 
system, constructed of light planking, was balanced by means 
of counterweights W, and W: so that when separately supported 
at C it hung free in balance. A deadweight W, hung on the 
knife edge at D, tended to spread the levers, producing equal 
and opposite forces at A and B which were transmitted through 
round-ended pins to the inner surface of the cylinder. The 
apparatus was carefully calibrated in a testing machine of small 
capacity, and the load-multiplication factor was found to agree 
very closely with that calculated from the dimensions of the 
lever arms, showing that there was very little friction and that 
distortion and binding had little effect. The deadweight W 
was so chosen as to make each of the applied loads 120 lb for 
the thin cylinder and 620 lb for the thick cylinder, these loads 


A-147 


= 
{ 
is 


A-148 


being judged the greatest that could be used without danger 
of overstressing. 

Strains were measured by means of Huggenberger extensome- 
ters, and a gage length of '/; in. was used except at points 
remote from the load, where a gage length of 1 in. was used. 
For purposes of reference, the top element of the cylinder was 
taken as the Y-axis and the circumference at mid-length as the 
X-axis. In accordance with this, longitudinal stresses are 


D 
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herein denoted by the i ial_stresses 
by the subscript z. 
Tests and strain measurements were made as follows: 


1 With load at z = 0, y = 0, z and y strains were measured 
at points along the Y-axis from the load to the end of the cylinder, 
and at points along the X-axis each way from the point of loading 
until bending vanished. Deflections were measured at points 
along the Y-axis over a distance of 10 in. each way, and center 
deflections on a 24-in. span were measured along adjacent ele- 
ments to check the z coordinate of the point of inflection. The 
change in diameter of the cylinder was measured at each end 
and at the middle. 

2 With load at various points on the Y-axis, z and y strains 
were measured at the point of loading, to ascertain the variation 
in maximum stress as the load approached the end of the pipe. 
No deflection measurements were taken for this off-center 
loading in the case of the steel pipes. 


Brass Cylinders. The brass tubes were 
also subjected to equal and opposite loads, 
but on account of the small diameter of these 
specimens it was necessary to apply the loads 
to the outer surface. Fig. 3 represents 
schematically the method employed. The 
specimen was supported at the ends by counter- 
weighted cords running over pulleys, so that 
it hung in neutral balance. It was then 
brought down until it contacted the round- 
pointed pin A, after which it was loaded by a 
dead load W placed on the yoke or frame Y, 
the pressure being transmitted to the speci- 
men by the pin B, diametrically above A. 


Fie. 3 


This produced an equal and opposite reac- °F LOADING Usep 
4 IN TESTING 

tion at A. Deflections at the point of load- Brass Tunes FoR 

ing were measured by the separately supported DEFLECTION 

Ames dial C, the increment in the dial read- 

ing giving twice the actual deflection. Deflections at points away 


from the load were measured by two Ames dials mounted on a 
movable frame, one below and one above the specimen. 

These specimens were used to study: (1) The deflection 
produced at various points along the loaded element when the 
load was applied at a point remote from the ends, and (2) the 
deflection produced at the load when the load was applied at 
various points, from the extreme end of the tube back to the 
point at which the deflection became practically the same as 
for loading at mid-length. 
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TEST RESULTS AND FORMULAS 
SrREssEs 


The strain measurements, made over lengths of at least '/; in., 
provided means of ascertaining only the average stresses over 
corresponding distances. Because of the rapid variation of 
stress near the load, it was necessary in some cases to estimate, 
from these average values, the probable value of the stress at 
definite points. This required certain assumptions as to the 
law of stress variation. After the assumptions are made, the 
method used for adjusting the average stresses, and the empirical 
formulas adopted, can best be considered jointly for each of the 
questions of stress intensity and distribution studied. These 
will now be enumerated in order. 

(1) Variation of circumferential stress along the loaded 
circumference, or 


8, = f(x) aty = 0, load atz = 0,y = 0 


(2) Variation of longitudinal stress along the loaded cir- 
cumference, or 


8, = f(z) aty = 0, loadatz = 0,y = 0 


(3) Variation of circumferential stress along the loaded 
element, or 


s, = f(y) atz = 0, loadatz = 0,y = 0 
(4) Variation of longitudinal stress along loaded element, or 
8, = f(y) at z = 0, load atz = 0,y = 0 


(5) Variation of circumferential and longitudinal stress at 
point of loading as load approaches end of cylinder, or 


8, max and s, max = f(y) with load at x = 0,y = y 


(6) Effect of end constraint on stresses. 

These six questions are now discussed in turn. 

(1) s, = f(x) aty=0. It appeared that the results obtained 
by the application of the theory of elasticity to the case of 
rectangular flat strips might be adapted to this case, since the 
tests showed that only a comparatively narrow strip along the 
loaded element of the cylinder was appreciably stressed. Nadai? 
and Timoshenko’ discuss the problem of the flat strip, and Nadai 
gives formulas for finding the transverse stress sz produced 
in a strip of infinite length by a concentrated load applied at 
mid-width which reduees to 


M, = [(1 + 0)/4x]P log {1} 
max M, = [(1 + 0)/4x]P log(2a/xb) + (P/4r)..... [2] 


where M,; = transverse bending moment per linear inch, in-lb; 
@ = Poisson’s ratio (here taken as 0.27 for steel); P = con- 
centrated load, lb; a = width of strip, in.; x = distance from 
load, measured crosswise of the strip, and supposed to be very 
small, in.; 6 = radius of the circular area over which it is as- 
sumed that the nominally concentrated load is distributed, in. 
Equation [1] was divided through by the section modulus of 
the unit strip, '/s ¢? (where ¢ = thickness of the strip, in.) and 
written as 
s, = [KP 


where R = radius of the cylinder, in., and K and C are constants 
to be determined empirically. It was found that both circum- 


2“Uber die Spannungsverteilung in einer durch eine Einzelkraft 
belasteten rechteckigen Platte,’’ by A. Nadai, Der Bauingenieur, 
January 15, 1921, p. 11. 

3 “(ber die Biegung der allseitig unterstutzen rechteckigen Platte 
unter wirking einer Einzellast,’’ by 8S. Timoshenko, Der Bauingenieur, 
January 31, 1922, p. 51. 
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ferential and longitudinal strains practically vanished at « = 
2.5 in., indicating for C a value of about 0.215. By setting 
Equation [3] equal to the measured stress, values of K for 
different values of z were determined, and the average of these 
was found to be 0.42. The values thus found for K and C 
inserted in Equation [3] give, as the adopted empirical formula 
for s, = f(z) aty = 0 


8, = [P/t*|[0.42 log (0.215 R/z)]........... [4] 


To obtain sz at the load, the term (1 + @)/4x in Equation [2] 
was replaced by 0.07 and the term 2a/rb by 0.215R/b, to corre- 
spond with the empirically determined values used in Equation 
{4]. The resulting formula for maximum circumferential stress 
is 


max 8, = [P/t*)[0.42 log (0.215R/b) + (6/4x)]..... [5] 


In Fig. 4 is plotted a graph obtained from Equations [4] and 
(5), evaluated for the load used in testing the thin cylinder and 
for the dimensions of the thin cylinder. The plotted points 
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indicate the measured stresses, the solid circles representing 
results secured with the thin cylinder, and the open circles results 
secured with the thick cylinder, these latter being the measured 
stresses multiplied by the factor P’t*/Pt’?, where P and P’ are 
the loads, and ¢ and ¢t’ the thicknesses, for the thin and thick 
cylinders, respectively. For z = 0 the plotted point does not 
represent the average stress as measured over a gage length of 
1/, in. centered on z = 0, y = 0; it represents the estimated 
stress at the point z = 0, y = 0, and was obtained from the 
average stress as follows: Equation [4] was plotted to a large 
scale for values of z up to 0.25in. From this graph, it was found 
that the ratio of maximum stress (at z = 0) to the average stress 
(between z = 0 and xz = 0.25) was 1.5. The measured stress 


over the '/:-in. gage length was therefore simply multiplied by 
1.5 to give the value plotted in Fig. 4. 

(2) s, = f(z) at y = 0. According to the analysis for flat 
strips previously referred to the values of s, and s, are equal at 
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any point except the point of loading, hence Equation [4] gives 
the longitudinal as well as the circumferential stress. For the 
point of loading, the formula for bending in the flat strip is 


max M, = [(1 + log(2a/xb) + (@P/4x)..... [6] 


Making the same modifications as were made for the case of 
max M,, we have. 


max 8, = [P/t*](0.42 log(0.215R/b) + [7] 


When 8, was calculated by Equations [6] and [7] and plotted, the 
ratio of max s, to the mean s, over a gage length of !/; in. was 
found to be 1.47. The curve of Fig. 5 is a graph of Equation 
[4] and Equation [7] and the plotted points represent experi- 
mentally determined values of s,, the results obtained with the 
thin cylinder being indicated as before by solid circles and those 
obtained with the thick cylinder by open circles. The values 
at z = 0 were obtained by multiplying the mean stresses 
measured over a '/;-in. gage length there by the factor 1.47. 

(3) 8s, = f(y) atz = 0. The analysis of the flat strip does 
not yield a formula that can be adapted for this case, and so, 
as in the cases subsequently discussed, an attempt was made to 
fit a purely empirical equation to the experimental results. It 
was considered necessary that the equation agree with Equation 
[4] at y = b (that is, at the edge of the loaded area) and that 
it should represent with reasonable fidelity the stresses adjacent 
to the load; for points remote from the load the stresses are so 
small as to be of practically no consequence. 
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The equation adopted was 
8, = [P/t*][0.42 log(8R/y)]............ [8] 
where B = 0.215 + 0.5 [(y — b)/R]'/s 


The graph of Equation [8] is plotted in Fig. 6. Because of the 
known rapid variation of s, with z, it was judged desirable to 
estimate, from the mean stress measured at each value of y, 
the probable stress at the point z = 0, y = y. This was done 
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by plotting the mean stresses s, over '/;-in. gage lines centered 
at = 0, 1/4 3/2, and */, in. The curve of estimated actual 
stress was then drawn in so as to be consistent with these mean 
values. This procedure was carried out for’ several different 
values of y and the ratio of s, at z = 0 to mean s, at z = 0, at 
any given place along the cylinder, was determined by inter- 
polation from the several values thus obtained. The correction 
factors secured in this way ranged from 1.5 (at y = 0) down, 
approaching unity as y increased. The values of s, thus arrived 
at are of course approximate, but it is believed that they repre- 
sent the true stresses much better than do the mean stresses 
as measured. 
(4) 8, = f(y) atx = 0. The equation 


s, = [1 [9] 


was found to fit the test results fairly well. Fig. 7 shows a 
graph of this equation, and the plotted points represent the 
mean measured stresses, the same legend being followed as before. 
Because of the essentially straight-line character of the curve 
over short distances, the mean stresses are taken to represent 
the actual stresses with sufficient accuracy. 

(5) 8, max and s, max = f(y’) with load atx = 0, y = y’. 
Tests to determine the variation in maximum stresses as the 
load approached the end of the cylinder were made on the thin 
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cylinder only. The measured mean stresses, corrected in each 
case by the proper factor (1.5 for sz and 1.47 for sy) are plotted 
on Fig. 8, and the equations adopted are graphed. These curves 
have the equations 


max 8, = max R/(y’ + {10} 
max 8, = 8yo(y’/0.2R)'/*. {11) 


where y’ denotes the distance from the end of the cylinder to 
the load and max sz) and max sy» denote the maximum stresses 
produced by a load remote from the end of the cylinder, as 
given by Equations [5] and [7]. 

Equations [10] and [11] apply only for values of y’ less than 
those which make max s, = max 8, and max 8s, = Max 8yo 
that is, Equation [10] applies only when y’ + 6 < 0.7R and 
Equation [11] applies only when y’ < 0.2R. 

(6) Effect of End Constraint on Stresses. The stresses at 
and near the load were found to be unaffected by end constraint 
except when the load was applied very near the ends. This would 
be expected from the results indicated in Fig. 8, which show that 
end effect vanishes within a short distance. Tests on the thick 
cylinder with constrained ends indicated that the maximum 
stresses produced by loading up to within a distance of 0.2 R 
from the end could be assumed approximately equal to those 
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produced by loading at or near mid-length, and that from that 
point to the end the stresses at the point of loading may be 
assumed to diminish linearly to zero. 


DEFLECTIONS 


The only laws of deflection for which formulas were sought 
were: 

(a) The deflection ¢ at any point (0, y) along the loaded 
element, with load remote from end of cylinder, and 

(b) The deflection D at the point of loading, with the load 
applied at any point (0, y). 

As has been explained, the steel cylinders were used to study 
the deflection adjacent to the point of loading, while the brass 
tubes were used to study the deflection at various distances 
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from the load, under conditions comparable to those in a cylinder 
of infinite length, and to study the influence of the position of 
the load on the maximum deflection. 

(a) d = f(y), Load Remote From End of Cylinder. It was 
thought that a strip along the loaded element of the cylinder 
might be regarded as a beam on an elastic foundation, the sup- 
port being provided by the series of elastic hoops comprising 
successive segments of the shell. It was assumed that the 
deflection at the point of loading would be proportional to P 
and to the square of the radius, and inversely proportional to E 
and the cube of the thickness, that is, that D = C(PR*/Et®), 
where C is an empirical constant. Comparison with test results 
gave 0.135 as an average value of C, and so the formula 


was adopted, as giving the deflection at the point of loading 
when the load is remote from the end of the cylinder. 
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The deflection at any point of a beam on an elastic foundation 
may be expressed by the equation d = De~*¥(cos gy + sin By) 
where D = deflection at the load, d = deflection at a distance 
y therefrom, and 8 is equal to (K/4EI)'/*, where K = elastic 
resistance of the foundation per linear inch of beam per unit 
of deflection. Since, in the case of the cylinder, K is measured 
by the stiffness of a unit ring or segment, it is proportional to 
Et®/R*. Substituting this for K in the expression for 8, and 
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noting that the width of the hypothetical strip that constitutes 
the beam may reasonably be assumed to be proportional to 
R and that therefore J is proportional to Ré*, it is found that 8 
is proportional to 1/R. It was found, with the brass tubes, 
that the deflection practically vanished at y = 8R, and this 
condition gives 0.3125/R for the value of 8. In the case of the 
elastic beam, the deflection is of course a periodic function and 


0.006 
0.005 
2 
om Measured Deflections 
Thin Tube 
0.003 o Measured Detlections™ 
Thick Tube 
+ 0.002 
0.00! 


y in Inches 


Fie. 9 Der.ection or Brass Propucep By CONCENTRATED 


Loap. Der.ection Piorrep as Function or y, Distance }From 
Loap Megasurep LONGITUDINALLY 
0014 T 1 
|_| | | | 
Deflections 
Calculated by 
o 0.013 ----- Deflections 
as Measured 
c 
£ 
0.012 
~ 
v 
0.01 
a 
0.010, 2 4 6 i0 2 


y in Inches 


Fie. 10 Deriection or Street Propucgep sy Con- 
CENTRATED LOAD. DegFLECTION PLotrep As Function or y, 
TANCE From Loap Measurep LONGITUDINALLY 


negative deflections are obtained; this may very well be the 
case also with the cylinder, but such deflections, if present, are 
negligibly small, and in the specimens tested could not be de- 
tected with the apparatus used. It is necessary therefore only 
to consider the deflections between the point of loading and 
points distant 8R to either side thereof, and the formula 


d = (0.135 PR*/Et*)(e—*¥)(cos By + sin By)...... [13] 


where 8 = 0.3125/R was adopted as being in reasonable accord 
with experimental results. The curve of Fig. 9 represents 
Equation [13] plotted for the thin brass tube and the measured 
deflections for that specimen. The deflection at load as de- 
termined for the thick tube is also plotted, the actual measured 
deflection having been multiplied by the ratio of the quantities 
PR?*/Et® for the two specimens to make it comparable with the 
deflection of the thin tube. 

In Fig. 10 are shown the graph of Equation [13], calculated 
for the thin steel cylinder and the actual elastic curve as de- 
termined by careful measurement made near the load. It is 
clear that Equation [13] does not represent closely the form of 
the deflection curve near the load, and that the analogy of the 
beam on an elastic support could not be expected to yield a satis- 
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factory formula for stresses. The sharp curvature under the 
load indicated by the experimentally determined curve is con- 
sistent with the high stresses found at that point. 

(6) D = f(y), Load at (0, y). The variation of deflection at 
load with distance from the end of the cylinder was found to be 
as shown in Fig. 11, where the plotted points represent experi- 
mental results secured with the thin brass tube. The equation 
of the curve found to best fit the points is 


[0.48 — [14] 


where y’ denotes the distance of the load from the end of the 


0.010 


0.009 


0.008 


0.007 


£ 0.006 
= « 
@ Measured 
Deflections 
° 
t 0.005 
+ 
0.004 
a 
8 MN 

0.003 

Deflection Remote from fra | 
0.002 
0.00! 
9 i 2 3 4 5 


y' in Inches 


Fie. 11 Deriection UNpER 5-LB CoNCENTRATED LOAD OF A 

Brass Tupe 2.5 In. Diam anv 0.029 In. Tuick. 

PLoTTep as Function or y’, Distance From Enp oF TUBE TO THE 
Loap 


cylinder. When y’ becomes equal to 4.4 R, the deflection is 
practically equal to that produced by a load indefinitely remote 
from the end. 


CHANGES IN DIAMETER 


In addition to the measurements of deflection on which Equa- 
tions [12], [13], and [14] are based, the changes in the vertical 
and horizontal diameters of the thick steel cylinder were deter- 
mined at the loaded section and at the ends. Under loads each 
equal to 698 Ib, the vertical diameter increased 0.0229 in. at the 
loaded section and 0.0039 in. at the ends, while the horizontal 
diameter decreased 0.0126 in. at the loaded section and 0.0036 in. 
at the ends. 
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It may be of interest to ascertain the length of a segment of 
the cylinder which, under the same loads uniformly distributed 
along opposite elements, would suffer the same change in vertical 
diameter as occurred in the cylinder at the loaded section. Using 
the ring formula: AD = 0.149 PR*/EI, where AD denotes 
change in diameter, it is easy to show that the length of this seg- 
ment is 6.9 times the radius. A similar computation for the 
brass tubes gives a length 7.3 times the radius. It appears, there- 
fore, that the change in diameter produced in a long cylinder at 
the point of loading can be calculated on the assumption that the 
loads are uniformly distributed along opposite elements of a ring 
having a length equal to seven times the radius. 


CONCLUSION 


The results of the tests indicate that both the stiffness and 
strength of a thin cylinder under concentrated loading are 
greater than probably would be supposed. As is the case with 
flat plates, the stresses become negligibly small at a compara- 
tively short distance from the load. Because of the fact that 
the higher stresses are so sharply localized, end effects are small 
except when the load is applied very near the ends, and it appears 
probable that other boundary conditions would also have little 
effect on stresses at any except adjacent points. The formulas 
given should therefore apply to any case in which a concentrated 
load acts upon a thin cylindrical plate, no matter how supported, 
provided only that the boundary and supports are sufficiently 
remote from the load. 

With respect to deflections, the effect of boundary conditions 
is, as might be expected, greater. The formulas given, therefore, 
can only be regarded as applicable to complete cylinders that 
are very long in comparison to their diameters. 

It may appear, from a study of the figures on which they are 
plotted, that the experimentally determined values of stress 
and deflection are more erratic than should be the case. There 
are several reasons for this irregularity. In the first place, the 
specimens available were not geometrically perfect. It has 
been remarked that the thickness of one of the steel cylinders 
varied considerably, and while the other specimens were more 
nearly uniform in this respect, even a small variation in these 
relatively thin shells would affect stress and deflection appre- 
ciably. 

In the second place, most of the quantities measured, es- 
pecially the stresses, changed very rapidly with respect to the 
distance from the load, and so failure to apply the load exactly 
at the intended point would have produced disproportionately 
large errors in stress. It is apparent that most of the points 
representing measured stresses, as in Fig. 6 for example, could 
be brought on the curve by a very small lateral displacement. 
While the load was never entirely removed during a test, it is 
quite possible that the end of the loading pin (A in Fig. 2) may 
have slipped slightly between successive applications of the 
full load, and it is also probable that the extensometer was not 
always placed at exactly the intended distance from the sup- 
posed point of loading. 

Finally, the way in which the load was applied, through the 
placing by hand of a deadweight on a yielding support, made 
it very difficult to avoid some dynamic effect. Every effort 
was made to ease the load on so as to reduce this effect to a 
minimum, but the operation was a fatiguing one and it is possible 
that there was occasional overloading, too slight to be revealed 
by recovery or vibration and yet sufficient to introduce an 
appreciable error. It should, however, be remarked that every 
experimental value, whether representing a stress or a deflection, 
is the mean of several observations, the load being applied and 
removed until at least two successive readings were obtained 
that agreed as closely as the instrument could be read. 
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Recent Research Work in Lubrication 


By GEORGE B. KARELITZ,' NEW YORK, N. Y. 


I—GENERAL 


HE increase in speed of machinery and the larger loads 
“Toone on rubbing surfaces bring the matter of lubrication 

and the mechanism of bearings forcibly to the attention of 
mechanical engineers. Much has been done to disseminate and 
popularize the recent findings on the theory of lubrication. In 
this respect the review and bibliography given herein will be 
helpful as will reference to the work done under the auspices of 


the A.S.M.E. (1).? 


II—HYDRODYNAMICAL THEORY AND DESIGN 
APPLICATIONS 


In regard to hydrodynamical theory, Needs (2, 3) has shown 
the effect of a finite bearing length and the resulting end leakage 
upon the pressure distribution, carrying capacity, and friction of 
the oil film. In this work Needs employed the electric analogy of 
Kingsbury to study the conditions in a 120-deg bearing. ‘The 
data obtained give a firmer basis for the application of the theory 
to the design of power bearings. Further tests by Baudry and 
Tichvinsky (4) on the performance of actual large-size bearings 
have been reported and the results compared with the theoreti- 
cal values expected. An interesting review of standard practice in 
bearing design in the light of hydrodynamic theory has been 
presented by Howarth (5, 6). This review was based on statis- 
tical design data collected from the leading machinery manu- 
facturers. Troublesome vibration which sometimes occurs in 
bearings due to the instability of the oil film has been discussed 
by Newkirk (7). In this work, means to prevent and cure the 
vibration were presented. 


III—OILINESS 


The question of oiliness, its physical meaning and relation to 
the lubricating quality of lubricants has received much at- 
tention both here and abroad. The mechanism of the extreme- 
pressure lubricants and the effect of sludging or oxidation on the 
lubricating qualities of the oil has been investigated and dis- 
cussed by various authorities (8, 9, 10, 11). Among the several 
methods advocated for measuring the adhesive property of the 
lubricant or the thickness of the adhered layer a centrifugal 
device has been described by Sperry (12). 


IV—INTERNAL-COMBUSTION ENGINE LUBRICATION 


Particular attention has been paid to the necessary physical 
properties of lubricants for, and the behavior of such in internal- 
combustion engines both for automobile and aviation purposes 
(18, 14, 15). 

1 Associate Professor, Department of Mechanical Engineering, 


Columbia University. Mem. A.S.M.E. 
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V—VISCOSITY MEASUREMENT 


Standardization of viscosities for industrial lubricating oils 
has been considered and charts for the practical classification of 
mineral lubricants have been published (6, 16). The advisability 
of the universal adoption of absolute-viscosity units instead of 
the cormmercial units now in common use, has been discussed 
and advocated. In this connection, further work has been done 


‘on instruments for measuring the absolute viscosity directly, 


both for laboratory and industrial uses (17, 18). 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Applied 
Mechanics Division on strength of materials (R. E. Peter- 
son, chairman), under the guidance of S. Timoshenko. 


Torsional Stresses in Shafts Having Grooves 


or Fillets 


By L. S. JACOBSEN, STANFORD UNIVERSITY, CALIF. 


HE general problem of torsional stresses in shafts having 

grooves or fillets was first solved by Michell (1) in 1900. 

A little later Féppl (2) outlined a graphical method whereby 
solutions might be obtained in specific cases, and in 1907 Willers 
(3) actually determined the magnitudes of such stresses in two 
typical sections by a graphical method of hisown. About fifteen 
years later, Liljeblad (4) found an analytical expression for the 
stress concentration near a fillet in a shaft and applied it to 
practical sections. Shortly after, the author of this article 
described an electrical analogy (5) of torsion by means of 
which experimental determinations of stresses might be readily 
made for any axial outline of a shaft of circular cross section. 
Finally, in 1929, Sonntag (6) published an investigation, using 
an approximate method, of the three most typical forms of axial 
changes used in practice, as shown in Fig. 1. 

By means of the hydrodynamic analogy it can be shown that 
the torsional stress at the bottom of the semicircular groove, 
Fig. la, approaches a value of twice the maximum stress in the 
straight part of the shaft as the radius of the groove is diminished. 
Sonntag’s results for this case apply to a groove of any size and 


are 

16M ( 2D ) 

ad? \D + 2r 
The more general section, shown in Fig. 1b, has also been studied 
by Sonntag, and for this groove his results are 


16M E —d + 2r)(d + 2r)? + 4r(D — d — 
2rD(d + 4r) 


The section shown in Fig. lc is perhaps the one most commonly 
used in practice, inasmuch as very few shafts are of one diameter 
only. Willers considered this case graphically for the ratio of 
D/d = 1.33. He found that the maximum stress occurs at a 
point slightly to the right of the point of tangency of the fillet 
with the outline of the smaller shaft. The studies made by the 
author (5) using the electrical analogy, confirm this fact and are, 
moreover, in good agreement with Willers’ results. Five ratios 
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of D/d were investigated, namely: 1.09, 1.20, 1.33, 1.50, and 
2.00. Values of the stress-concentration factor K,, i.e., the ratio 
between the peak stress in the fillet to the nominal computed 


torsional stress r = ~ in the smaller shaft, as found by these 


tests are given in Fig. 2, for various values of the ratio D/d and 
r/d. For values of D/d not shown on the curves interpolation 
may be used with sufficient accuracy for most practical purposes. 

Sonntag’s approximate analytical formula for the case shown 
in Fig. le is 


vox (d + 12r 


Results computed by this formula are in fairly good agreement 
with those obtained experimentally (5) for values of D/d near 
unity; however, for larger values of D/d there is considerable 
difference and for such cases the curves of Fig. 2 should be used. 

If shafts of complicated axial outlines are to be studied for 
torsional stresses, the electrical analogy will give answers without 
the expenditure of much mental effort. All that is necessary for 
carrying out the analogy is a two-dimensional, or nearly two- 
dimensional, conductor, e.g., a plate. However, in order that 
the analogy may be established, the conductivity of the plate 
must be proportional to the cube of the distance from one edge. 
In the practical case, this is effected by making the thickness of 
the plate proportional to the cube of the distance from the edge; 
in other words, the cross section of the plate resembles that of a 
hollow-ground razor blade. 

The plate is then cut to have the same boundary as the outline 
of the axial section of the shaft, the thin edge of the plate coin- 
ciding with the center line of the shaft, and the thickness of the 
plate at the boundary being proportional to the cube of the 
distance of the boundary from the thin edge. 

Assuming that the ends of the plate are maintained at a con- 
stant electric potential, so that the current near the boundary of 
the plate follows the boundary, the potential gradient anywhere 
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in the plate may be measured experimentally by a Wheatstone 
bridge and a galvanometer. The torsional stress at a point in 
the shaft is then proportional to the measured potential gradient 
in the plate at the corresponding point multiplied by the distance 
of the point from the thin edge of the plate. It is usually a matter 
of a few minutes of experimentation to find the point at which 
the maximum stress occurs, i.e., maximum gradient times dis- 
tance from the thin edge. 

In order that the accuracy of the analogy may be satisfactory, 
the thickness of the plate must be kept as small as possible, so as 
to approximate a two-dimensional current flow. But in order 
that the manufacture of the plate may not be too expensive, due 
to the accuracy needed, the thickness must be appreciable. 
These two demands are contradictory, and a compromise must 
be sought. In 1926 the author used an analytic bath of shallow 
proportions in which the depth increased as the cube of the dis- 
tance. A 10 per cent copper-sulphate solution is satisfactory. 
Work of this type has been carried out in Germany recently (7). 
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Book Reviews 


Anecdotal History of the Science 
of Sound 


AnecpDoTAL History OF THE ScIENCE oF Sounp. By Dayton 
Clarence Miller, D.Sec., L.L.D. Professor of Physics, Case School 
of Applied Science, Cleveland. The Maemillan Company, New 
York, N. Y., 1935. Cloth, 53/4 & 8'/_ in., 114 pp., 15 plates, 
$2.50. 


REVIEWED By A. L. 


N? ONE interested either in the theory or the application of 
sound should fail to possess this little volume written by the 
most distinguished exponent of this field we have in the country 
today. Doctor Miller with his fine physical perception, together 
with his long experience, and wide contacts, is eminently fitted 
for this task. 

Although, as the name implies, much of the book is given to 
anecdotes, these are chosen in a way which gives an illuminating 
picture of the development of the science of acoustics in both its 
experimental and theoretical aspects, with many side lights on 
the parallel development of musica] instruments and sound- 
measuring devices. 

An attractive feature of the book is a number of plates showing 
portraits of many of the pioneers and illustrations of apparatus 
made by them. 

Many facts of interest appear which are not generally known, 
some even to specialists, I venture to say. It appears, for ex- 
ample, that Galileo’s researches give “the first enunciation of the 
principles of sound which are really scientific,” and his own words, 
quoted in this connection on the vibration of strings and cords, 
show how far ahead of his time was this great pioneer of the induc- 
tive method of scientific research. 

Not the least interesting of many personal side lights are those 
regarding more recent investigators, such as Tyndall, Kénig, 
Rayleigh, Webster, Sabine, and Bell, with all of whom, except 
Tyndall, Dr. Miller was personally acquainted. 

This book is written with an appreciation of pioneer work of a 
more analytical character as well as of experimental, which will 
be pleasing to those who incline toward the theoretical. 

A bibliography of all works referred to is given at the end. 


Aerodynamic Theory 


AgRoDYNAMIC THEORY. Dr. William Frederick Durand, editor- 
in-chief. Vol. 2. Division E. Julius Springer, Berlin, 1935. 
Cloth, 6 X 9 in., xv plus 367 pp., 113 figs., and 4 plates. Special 
price only until the publication of the last volume, rm. 20. 


REVIEWED BY J. C. HUNSAKER? 


6 ia present a useful review of this, the second volume of the 
series of six, it seems necessary to consider its place in the 
whole work. Dr. Durand, under his precept as general editor has 
undertaken to organize and coordinate the work of the world’s 
most eminent authorities into a comprehensive and permanent 
record of the present state of aerodynamic theory. That such a 
record is in effect a record of twenty-five years’ progress is due 
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to the fact that modern aerodynamics has been developed within 
these few years. Consequently, the contributors drafted by Dr. 
Durand are themselves men whose own work constitutes a large 
part of the body of this theory. 

The six volumes, of which four have appeared in rapid succes- 
sion, will contain a stock taking of general fluid mechanics; the 
mechanics of perfect fluids, of viscous and of compressible fluids, 
the application of theory and experimental technique to airfoils, 
bodies, propellers, ete., the dynamics of the airplane and airship, 
performance of aircraft, the hydrodynamics of sea planes and the 
aerodynamics of cooling. From this plan it can be seen that 
volume one, reviewed in the June, 1935, issue of this JourNA., 
is an introduction and a foundation for the entire structure. It 
set forth the mathematical and analytical methods which are to be 
later applied, as aerodynamics, to the design of aircraft. 

Volume two, now before us, is evidently the first floor of this 
figurative structure. Here Professor Th. von Ké4rmén of 
Pasadena and Professor J. M. Burgers of Delft, in happy collabo- 
ration, present a comprehensive and masterly treatment of the 
mechanics of nonviscous imcompressible fluids and in particular 
the aerodynamics of wings. This treatment is rigorous and 
elegant, and it is also clear, because the authors have taken pains 
to make it so. The editor states that the whole is the joint work 
of the two authors but that von Karmdn primarily contributed 
the chapter on the theory of wings of infinite span and the chapter 
on the wake, while the other five chapters are by Burgers. The 
reader should be grateful to whichever of these able scientists 
proposed the wholesome innovation of commencing each chapter 
with a precise yet nonmathematical statement of the physical 
problem to be considered, a discussion of the methods of attack 
which might be employed in the solution, and finally a forecast 
of just what will be done, with reasons for the course to be taken. 
In consequence, each chapter has unity and purpose and a defi- 
nite relation both to what precedes and to what follows. 

Chapter 1 gives a general description of the nature of the flow 
of air around a wing and explains the process by which lift is 
created, develops the conceptions of circulation and induced 
drag, bound and trailing vortices, and establishes the approxi- 
mate equivalence of an airfoil and a system of vortices. 

Chapter 2 deals with the idealized case of two-dimensional flow 
around an airfoil of infinite span in an ideal fluid. This is the 
classical Lanchester-Prandtl wing theory. The general wing 
theory is postulated as the problem of calculating the velocity and 
pressure field around a wing of given cross section. The develop- 
ment proceeds from a first approximation with a vortex filament 
replacing the wing, then to a second approximation using a vortex 
sheet, and finally to the theory of the thin airfoil. The various 
methods of conformal transformation are next used to compute, 
from potential flow theory, the flow paterns of the well known 
families of thick “mathematical” airfoils (Joukowski, von Karm4n, 
Trefftz, von Mises). 

Chapters 3 and 4 treat the more nearly practical problem of 
flow about an airfoil of finite span. This is the most important 
section of the volume and is entirely new (to this reviewer) in 
that the starting point is the investigation of the influence the 
surface forces, on the airfoil, have on the motion of a fluid. The 
present treatment is logical and powerful. Chapter 3 begins 
with the Euler hydrodynamical equations of motion, completed 
by generalized force terms. By successive approximations, these 
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equations of motion are solved and the principal theorems re- 
garding induced drag, wake, downwash, lift, vorticity, ete. are 
established as a consequence. This chapter is essentially a 
mathematical tool for application in chapter 4 to a series of 
important problems. 

Chapter 4 is in three parts: Part A is devoted to the computa- 
tion of the distribution of lift over the span and the corresponding 
induced drag and the effect of ailerons, sweep back, taper, twist, 
and yaw. Part B deals with the distribution of lift and drag over 
multiplanes. Part C establishes a thoretical basis for estimating 
the effect on airfoils of boundaries parallel to the direction of 
general flow, such as the ground, wind-tunnel walls, ete. 

Chapter 5 deals with nonuniform and curvilinear motion and, 
due to the relatively undeveloped nature of this field, the dis- 
cussion is more brief. Perhaps when flapping wings become of 
other than academic or ornithological interest this material may 
form a basis for further extension of the theory. 

Chapters 6 and 7 discuss the development of the vortex system 
downstream of the airfoil and the theory of the wake. The 
latter is suggestive of the need for future progress as the whole 
phenomenon of resistance is involved. At a certain inclination 
to the direction of motion the flow of real fluids separates from the 
back of an airfoil giving rise to a turbulent wake, high drag, and 
reduced lift. In this short chapter von K4rm4n confines himself 
to the results obtained from the Helmholtz theory of the discon- 
tinuous potential, the von K4érman “vortex street”? and Oseen’s 
“vortex field.” These assume an ideal fluid. The turbulence 
of real fluids will be a subject for a later volume. 

There is a good index and for each chapter there is an adequate 
bibliography. It should be realized that the entire wing theory 
is “applied mathematics,” but the presentation here is so 
clearly done that, with the aid of volume 1 of the series, a dili- 
gent reader requires no more than an engineer’s equipment of 
mathematics. 


The Hardness of Metals and Its 
Measurement 


Tas Harpness of METALS AND Its By Hugh 
O'Neill, D.Sc., M.Met. Senior Lecturer in Metallurgy in the Vic- 
toria University of Manchester. Chapman & Hall, Ltd., London, 
1934. Cloth, 6 X 9!/2in., 292 pp., 119 figs., 123 tables, 25s. 


REVIEWED BY J. R. TowNSEND? 


‘THs book is an exhaustive study of the property of hardness 

of metals. Aside from the distinction of being the first and 
only book on this important subject it is a model of clear and 
balanced exposition of a well-known but not fully understood 
property of metals. This book should be of interest not only to 
testing engineers but to metallurgists and scientists as well. It is 
another volume added to the fast-growing library on physical 
metallurgy or the science and use of metals. 

Dr. O’Neill has boldly faced the problem of hardness in his 
introductory essay by bringing to bear all of the existing physical, 
mechanical, and physical-chemical theory on the problem. He 
shows the present practices of hardness measurement are wide- 
spread regardless of the fact that they may not be on a good foun- 
dation of fundamental theory. On the other hand consideration 
of the available fundamental theory does not permit one to for- 
mulate a hardness test that is wholly satisfactory in the sense 
that the hardness of all materials may be referred to a funda- 
mental concept in terms of length, mass, and time. The conclu- 
sion is drawn that for all practical purposes the hardness of 
metals may be expressed in terms of “mass hardness.” This 
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term takes into consideration the fact of the heterogeneity of 
metals; that metals as we have to deal with them are a con- 
glomerate of crystals of different hardness, plasticity, orientation, 
and size. The mass hardness then of a metal at a given tem- 
perature is its reaction to local indentation and this reaction 
should be expressed in terms which recognize viscosity and elas- 
ticity in metals and which allow for the fact that the intensity or 
degree of indentation may affect the specific reaction. 

In spite of the fact that there is not available means of making 
such a test for the hardness of metals the practice of hardness 
testing with a variety of machines has progressed to the point that 
practice has far outstripped theory. In fact there has bec™ ex- 
cellent standardization of hardness testing in the field of specifica- 
tions. The fact that these methods are in general use and widely 
understood is no reason why we should be satisfied with the pres- 
ent state of our knowledge. Dr. O’Neill’s book is very provoca- 
tive of thought in this regard and stimulating in presenting the 
broad panorama of facts that must be taken into consideration in 
the solution of the problem. 

Aside from the basic statement of the problem the book con- 
tains an exhaustive review of the various hardness tests that have 
been devised in Europe and America. Many comparisons are 
drawn between the hardness values determined by the various 
hardness-testing machines for commonly used metals. While 
more emphasis is placed on European practice this is hardly a de- 
fect to thoughtful readers familiar with American practices. The 
book does not cover adequately the subject of the hardness test 
as related to specification use or to calibration and methods of 
manipulation of specific hardness testers. This is a very im- 
portant subject in the technology of metals. While data are 
given showing the relationship of hardness to per cent reduction, 
heat treatment, and correlations between tensile strength, fatigue 
endurance, and hardness there is little if anything on the subject 
of minimum thickness of metal for reliable hardness measurement, 
or the minimum width, or how curved or irregular surfaces should 
be treated. These are most important problems in the engineer- 
ing of metals. However, in view of the complete review of funda- 
mental knowledge that is given, the absence of such data does not 
impair the usefulness of the book in giving a thorough under- 
standing of the background of knowledge on the subject. 

Dr. O’ Neill quite properly accents the work done by Meyer and 
his analysis of the Brinell test or ball-indentation test. Meyer’s 
test consists in measuring the load to produce unit deformation of 
the metal. The difficulty of measuring the diameter of an in- 
dentation in a metal by a ball because of the rim of metal that is 
thrown up and the irregular shape of the indentation due to ir- 
regular recovery of the metal and its directional reaction caused 
by cold work is clearly brought out in the book. The solution of 
this problem is not adequately explored, however. Since the 
deformation of a metal by a ball combines such factors as elas- 
ticity, plasticity, elastic recovery, and the directional effect of this 
recovery in cold-rolled metals the solution is obviously in the di- 
rection of measuring the deformation in terms of penetration of 
the spherical indentor with the load on. The author quite 
properly states that depth measurements after the load is re- 
moved are more unreliable than diameter measurements, due to 
shallowing of the indentation. Furthermore, it is possible to 
measure better the indentation of a ball penetrator with the load 
on than the diameter of an irregular indentation since accurate 
means of mechanically measuring depth are available while 
width measurements would require a microscope and visual ob- 
servation. Meyer’s constants may be accurately determined by 
the load required to produce unit deformation in terms of depth 
of indentation. Such measurements have been reported by the 
reviewer in the Proceedings of the American Society for Testing 
Materials. 
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In conclusion therefore it may be said that Dr. O’ Neill has pro- 
duced a valuable summary of hardness testing of metals which 
should be found in the library of every engineer, metallurgist, 
and scientist interested in the important subject of hardness. 
The Proceedings of the American Society for Testing Materials 
cover exhaustive studies of hardness as affecting specifications and 
use and the work of Dr. O’Neill is a fitting companion to this 
work to present the broad picture of hardness. 


Resistance of Materials 


RESISTANCE OF MATERIALS. By Fred. B. Seely, Professor of Theo- 
retical and Applied Mechanics, University of Illinois. Second 
edition. John Wiley & Sons, New York. Chapman & Hall, Ltd., 
London, 1935. Cloth, 6 X 9 in., 436 pp., 383 figs., $3.75. 


REVIEWED BY T. McLEAN JASPER‘ 


‘THE proper use of materials is one of the most important tasks 

which confront the engineer of today, and Professor Seely in 
his new edition of ‘Resistance of Materials” has succeeded in pre- 
senting, in a concise and simple manner, many of the more recent 
methods of applying materials to structural design. 

The method employed of clarifying involved principles by 
practical illustrative problems should prove most helpful to the 
student and practicing engineer. 

One feature of the book is the profuse collection of illustrative 
diagrams which helps the engineer to grasp fully the problems 
with which he is confronted. 

The language of the book is simple and direct which allows no 
misinterpretation of the information available within its covers. 

Teachers and design engineers will do well to study.this book 
for its treatment of current engineering problems. 


Metallic Arc Welding 


Meratuic Arc We.tpine. By H. Harris, Ph.D., D.I.C., A.R.C.S. 
Longmans, Green & Company, New York, N. Y. Edward Arnold 
& Co., London, 1935. Cloth, 5/4 X 9 in., viii plus 199 pp., 99 
illustrations, $6. 


REVIEWED By Cuas. H. JENNINGS 


R. HARRIS’ book on metallic are welding is a comprehensive 
summary of the present knowledge on the metallurgy of arc 
welding and should be of great assistance to engineers in connec- 
tion with the production of metallic arc welds of the quality 
required by present-day practice. 

The major portion of the book is devoted to the analysis of 
welds made on low-carbon structural steels of the types used for 
general pressure vessels, machinery, and constructional work. 
Excellent discussions are given on the effect of welding on the 
base metal, crystallization in multiple-layer welds, peening, 
residual stresses and stress relief, and the physical properties of 
welds. Coated and bare electrodes are discussed from the stand- 
point of effect of coating composition on the soundness of the 
weld deposit and the chemical changes resulting from the trans- 
fer of metal through the are. 

The influence of oxygen and nitrogen in steel and weld metal 
is thoroughly discussed in accordance with present-day theories. 
Typical test data are given to illustrate the age-hardening phe- 
nomena attributed to these elements. Metallurgical problems 
encountered while welding (1) alloy structural steels, (2) austen- 
itic stainless, (3) manganese steels, (4) nickel, and (5) monel 
metal are also considered. 
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The book is ably written and illustrated and its value is greatly 
enhanced by the inclusion of the large number of references used 
in compiling the data given. 


Noise 


Norsr. A CoMprREHENSIVE SurvEY From Every Pornt or View. 
By N. W. McLachlan, D.Sc. (Engineering) London, M.I.E.E. 
Oxford University Press, New York, 1935. Cloth, 48/4 & 7!/,in., 
148 pp., 62 figs., $2.25. 


REVIEWED By A. L. Kimpatu* 


Sears little book is among the best the writer has seen on this 

subject, in that it combines to an unusual degree a clear grasp 
of fundamentals and practical experience. To anyone who wishes 
to acquire an overall picture of the subject in a reasonable num- 
ber of pages, including its technical physiological and psychologi- 
cal aspects, this book is recommended. 

The first chapter on general considerations presents the diffi- 
cult subjects of the relation between noise-meter readings, loud- 
ness sensation, and masking effects unusually clearly, although 
the author prefers to use the term “reference tone level,” ab- 
breviated “reftone level,” rather than “loudness level,” because 
the decibel scale is not such as to truly measure loudness. 

The second and third chapters cover measurement of noise and 
frequency analysis. 

The fourth chapter takes up noise in buildings in an interest- 
ing way with illustrations. The specific method used is the most 
direct and practical one which the writer has thus far seen, and 
he intends to make use of it in his own work. 

The next three chapters cover briefly, traffic noise, train noise, 
and noise of airplanes, ships, propellers, and motor vehicles. 
An outline of what it has been possible to accomplish thus far in 
these fields is given with a few illustrations. 

Chapters 8 and 9 go into the important subjects of vibration of 
machinery and noise from electrical apparatus, with a simple 
illustration of how to use elastic suspensions in preventing noise 
transmission. A brief résumé of the sources of noise in generators 
and in motors, and the cause of thermionic-valve noise also 
appears. 

The final chapter goes into the physiological and psychological 
effects of noise. 

It is, of course, impossible to treat such a broad subject in as 
much detail as would be required by a specialist in one particular 
field, but the author has succeeded in doing a very good piece of 
work considering the small size of the book. 


Geometry 


ANALYTICAL Geometry oF Taree Dimensions. By D. M. Y. 
Sommervilie, M.A., D.Sc., Professor of Pure and Applied Mathe- 
matics, Victoria University Coilege, Wellington, N. Z. The 
Cambridge University Press, Cambridge, Eng., and The Mac- 
millan Company, New York, 1934. Cloth, 6 X 9 in., 416 pages, 
49 figs., $4.75. 


REVIEWED BY J. ORMONDROYD’ 


"THE style in which this text on analytical geometry is 

written makes it difficult to understand unless studied under 
the guidance of an instructor. It can be recommended to 
engineers only as a reference work which is slightly more ele- 
mentary, compact and modern than Salmon’s classical treatise 
on the same subject. 
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Siphon Spillways 


SrpHON Spittways. By A. H. Naylor, M.Sc., Assoc. M.Inst.C.E., 
M.Inst.W.E. Longmans, Green & Company, New York. Ed- 
ward Arnold & Co., London, 1935. Cloth, 5'/, * 81/2 in., 80 pp., 
40 figs., 7 plates, $3.40. 


REVIEWED By M. P. O’Brien® 


LTHOUGH many papers have already been published on 
the design of siphon spillways, this small volume will prove 
useful because it presents in some detail the basic considerations 
underlying the design of an important installation. Following 
a review of the principal types of siphons and a discussion of the 
head necessary to cause priming, application is made to the 
Laggan Siphons of the North British Aluminum Company. 
The computations are given in detail and the computed discharge 
is compared with that shown by model tests. Useful data on 
the formation of intake vortices and the necessary size of air 
vents are included. 

It is regrettable that the author did not expand his theoretical 
treatment of siphons, especially that portion dealing with the 
head necessary to prime and the mapping of streamlines. The 
latter problem appears to be one which is especially suitable for 
solution by the electric analogy but the method outlined by the 
author is probably sufficiently accurate. It is an example of the 
value of the mathematical approach in the solution of practical 
problems. 

The author proposes as the measure of siphon efficiency the 
ratio of the actual discharge to that which would occur if a perfect 
vacuum existed at the highest point of the throat. This concept 
was originally advanced by J. C. Stevens but was abandoned by 
him in favor of a coefficient based upon the discharge area. The 
author’s proposal does not give a direct comparison of different 
siphons because low-head siphons will show low efficiencies no 
matter how small their friction losses may be. The coefficient 
based on discharge area gives a direct indication of these losses 
and is believed to be preferable. 

The many practical observations regarding siphon design and 
behavior are an important feature of this work. In general, 
the treatment is clear and concise and it is recommended for 
reference by engineers concerned with the design of this type of 
hydraulic structure. 


Science and Social Needs 


Science anp Sociat Neeps. By Julian Huxley. Harper and 
Brothers, New York and London, 1935. Cloth, 51/2 in., 
287 pp., illustrated, $2.75. 


REVIEWED BY JOHN M. LzssELLs® 


HE basis for “Science and Social Needs” was furnished by a 

“tour of British Science” which the author made and refers 
specifically to conditions of science in Great Britain. Some of 
the material was broadcast by the British Broadcasting Corpora- 
tion but considerable amplification and additions have been 
made to the material to form the contents of this volume. 

The first chapter is an introduction by Sir William Bragg, 
entitled “Science—Friend or Enemy.” In this Sir William pre- 
pares the way for the author’s presentation by taking us on an 
imaginary journey through the Royal Institution. The experi- 
ments of Rumford on heat are mentioned. These are well 
known but it is illuminating to learn that Rumford was interested 
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in applying knowledge to relieve the common lot. Davy’s 
work on the miner’s lamp, the electrical experiments of Faraday, 
Tyndall’s work on bacteriology, Rayleigh’s on acoustics, and 
Dewar’s on the liquefaction of gases are all cited as scientific 
discoveries which have later blossomed into useful industries. 
A warning note is struck, however, when he reminds his readers 
that while science has been shown by these and other examples 
to have been beneficial to the human race there are other cases 
such as the use of science in war where it is applied for mutual 
injury. 

Four chapters take the form of a dialogue between the author 
and Professors Levy, Blackett, and Sir T. Barlow, while the 
remainder discuss the state of science in certain industries as 
the author found it during his tour. 

While the book describes conditions as they exist in Great 
Britain, and for this reason is of more interest to British readers, 
it nevertheless possesses a certain attraction for American readers 
as indicating the relative status of research in the two countries, 
judged by expenditures per capita. Nevertheless, the reader 
gains the impression that while such material may be impres- 
sive when heard over the radio it is tedious to follow. The basic 
questions as to the proper control of scientific research and 
whether science is responsible for our present economic ills are 
left unanswered. 

If the purpose of the book is to make the man in the street 
au fait with the present-day achievements and future possi- 
bilities of applied science then it has a worth-while objective. In 
this respect, although the book is sketchy and not at all con- 
clusive, it paints a picture in simple language which may be 
absorbed by the non-technical reader. : 


Higher Mathematics for Engineers 
and Physicists 


HieHerR MATHEMATICS FOR ENGINEERS AND Puysicists. By Ivan 
S. Sokolnikoff, Assistant Professor of Mathematics, University of 
Wisconsin; and Elizabeth S. Sokolnikoff, formerly Instructor in 
Mathematics, University of Wisconsin. McGraw-Hill Book 
Company, New York, 1934. Cloth, 6 X 9 in., 482 pp., $4. 


REVIEWED By GeorceE B. Karetirz!® 


[* the preface to this work the authors state: “Intimate contact 

with students in engineering and other applied sciences has 
convinced the authors that most of the students emerging from 
the usual course in calculus are not sufficiently mature mathema- 
tically to undertake independent reading of the more advanced 
works on mathematics.”’ This deficiency also interferes with the 
reading of the more advanced works in engineering and the volume 
may be well recommended as a means for overcoming, in large 
measure, these shortcomings. 

Chapter 1 deals with elliptic integrals. Chapter 2 gives the 
approximate solution of algebraic equations followed by chapter 3 
on determinants and matrices. Chapter 4 deals with infinite 
series and tests for convergence, expansion in the power series, 
and gives a demonstration of its application to approximate 
formulas. Chapter 5 discusses partial derivatives and differentia- 
tion with illustrative problems in geometry and physics, together 
with a discussion of maxima and minima of functions of two or 
more variables. Chapter 6 discusses Fourier series, chapter 7 
multiple integrals with suitable geometrical illustrations and 
problems. Chapter 8 is on line integrals and Green’s theorem, while 
chapter 9 deals with improper intergrals. Chapter 10 on ordinary 
differential equations is well developed, both m its elementary 
form of presentation and in the manner in which the authors 
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develop the significance of the methods. Applications by Jilustra- 
tions and problems are given in the various fields of physics. 
Partial-differential equations in chapter 11 are treated in the same 
manner. Chapter 12 gives a brief discussion of vector analysis 
with several pertinent examples of the application to physics. 
Chapter 13 discusses probability and contains a number of pro- 
blems illustrating the practical application. Chapter 14 is de- 
voted to curve fitting and empirical formulas, interpolation and, 
numerical integration. Chapter 15 discusses the elements of 
conformal representation. 

The book presents an assembly of separate additional chapters 
of algebra and calculus which should be incorporated as the 
working tools of the engineer and physicist. The contents are 
rather disjointed and unsystematic but the reader obtains the 
impression that they are the results of careful study of the actual 
needs of the student andt hat the material has been chosen on the 
basis of the mentioned “intimate contact.’’ It is to be regretted 
that the authors did not find it possible to include in the book 
paragraphs treating with approximate solutions of differential 
equations us a counterpart of the chapter on approximate solu- 
tions of algebraic equations. The book would probably be of 
more value to students had the authors included a larger number 
of physical applications, such as additional examples of setting up 
differential equations, or practical applications of Green’s 
theorem. The authors may also be reproached for excessive 
sketchiness in parts, as for instance in the last chapter where a 
few paragraphs on complex numbers would be very useful to the 
reader. 

Apart from these criticisms the volume covers a vast amount 
of material which has been chosen on the basis of experience 
collected at the University of Wisconsin where “engineering 
mathematics” has been taught for a number of years. The 
book is now introduced as a text in a corresponding course in 
mathematics at Columbia University and has been found to be 
very useful. It will also be adequate for any engineer who would 
wish to improve his mathematical equipment. 


Thermodynamics 


Tue THERMODYNAMICS OF ELECTRICAL PHENOMENA IN METALS. 
By P. W. Bridgman. The Macmillan Company, New York, 1934. 
Cloth, 58/4 X 81/2 in., 200 pp., 33 figs., $3.75. 


REVIEWED BY JouN A. Gorr! 


i THIS rather compact volume, Professor Bridgman has 
collected the substance of a number of papers which he has 
written during the last ten years on the interrelations of a ther- 
modynamic character between various electrical properties of 
metals. The volume is written primarily for the physicist and 
discusses phenomena with which the engineer is perhaps un- 
familiar. Nevertheless, there appear at various places applica- 
tions of the laws of thermodynamics which cannot help but clarify 
their meaning and emphasize their limitations even to the engi- 
neer. Notable among these applications is the demonstration 
on page 30 that a fluid in motion must convect with it in addi- 
tion to its intrinsic energy a quantity of energy equal to the 
product of pressure times volume. This demonstration is based 
on the broad proposition that it is impossible to add energy to 


11 Professor of Thermodynamics, Univ. rsity of Illinois, Urbana, 
Ill. Assoc-Mem. A.S.M.E. 
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any region of space without effecting some real physical and per- 
manent changes within the region. 

In chapter 1, Professor Bridgman examines the fundamental 
notions and experiments involved in the notion of the electrical 
field. He discusses a number of idealized experiments intended 
to show the nature of the fundamental ideas and to distinguish 
quantities having direct physical meaning from mathematical 
constructions devised to cover regions incapable of direct physi- 
cal exploration but which satisfy thermodynamics and join on 
smoothly with directly measurable quantities. Into the list of 
already accepted constructional quantities he introduces the 
ideas of “driving emf” and “working emf’’ and shows that in 
comlicated cases, such as a metal carrying currents derived 
from a thermal-electromotive force, the two are not at all equal. 
Of particular interest is the author’s steadfast recognition of the 
reality of the Poynting vector which he invokes to show that no 
information whatever can be obtained from energy considerations 
as to the distribution of potential jumps making up the observed 
Volta difference of potential between two metals; and that energy 
of position in the electrostatic field cannot properly be assigned 
to electricity as it moves about. 

In chapter 2, Professor Bridgman discusses thermoelectric 
phenomena and shows that no rigorous application of the Second 
Law of Thermodynamics comprehending the irreversible effects 
of Joulean heat and thermal conduction has yet been made 
which imposes any useful restriction on the magnitudes of the 
various quantities involved. He attempts to show, however, 
that the analysis of Kelvin which ignores these irreversible ef- 
fects is all right by applying the Second Law to a thermocouple 
so proportioned as to make the irreversible effects a maximum. 
The author also attacks the conventional account of the action 
at an interface between two metals when there is a Peltier heat, 
or the action in the body of a metal with a temperature gradient 
where Thomson heat is absorbed, and offers an account in which, 
at the interface, there is no “driving emf” but there is “working 
emf” equal to the Peltier heat, while in the body of the metal 
where there is a temperature gradient there is a “driving emf” 
distributed according to the temperature. On the basis of this 
account, he deduces an expression for the quantity of energy con- 
vected by the current which is essentially different from that de- 
duced from the conventional account. 

In chapter 3, the Volta effect is subjected to a searching ex- 

amination which shows from thermodynamic reasoning the 
reality of what Tonks and Langmuir have called “surface heat 
of charging” and suggests that the way toward experimental 
verification lies in the direction of improved vacuum technique to 
yield satisfactory reproducible values of the Volta difference of 
potential for comparison with the Peltier heat. In chapter 4, 
the subject is thermoionic emission and the laws of thermody- 
namics are applied to the electron gas surrounding every metal 
to draw important deductions regarding the surface heat of charg- 
ing. 
There follow in succeeding chapters similar discussions of the 
effect of surface charge on vapor pressure and electron emission, 
thermoelectric phenomena in crystals, transverse phenomena in- 
cluding the Hall effect, and connections with the electron theory 
of metals and photoelectric phenomena. To those equipped 
to read these later chapters, Professor Bridgman’s philosophy 
must contribute an added interest by bringing into focus with 
his vigorous and penetrating mind many things which have here- 
tofore evaded such attention. 
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Foreword 


HE Transactions of The American Society of Mechanical Engineers include 

selected technical papers and reports delivered at meetings of the Society, its 
Professional Divisions, and its Local Sections, the Journal of Applied Mechanics (con- 
tributions of the Applied Mechanics Division), and certain Records of the Society of 
permanent value. 

In order to secure the advantages of timeliness and greater usefulness in issuing 
these Society Records, the material comprising them is divided into a number of parts, 
each one of which is mailed as a supplement to one of the regular monthly sections of 
the Transactions. For 1935, the first of these, the present issue, contains the personnel 
of the Council and committees for the year. The second, to be issued sometime later 
in the year, will contain the memorial notices of deceased members. Following the 
plan adopted in 1934, it is expected that the reports of Council and the Society’s com- 
mittees will appear as a supplement to the November issue. The presidential address 
and the indexes to miscellaneous publications, Mechanical Engineering, and to the 
Transactions themselves, must, necessarily, be delayed until 1936, and will probably 
be mailed as a supplement to the January issue of that year. 

In binding the 1935 Transactions, all of these parts of the Society Records will be 
assembled at the back of the volume as has been customary for several years. To aid 
in locating references in the bound volumes, the page numbers of the sections contain- 
ing the Society Records are preceded by the letter RI. 


THE COMMITTEE ON PUBLICATIONS 
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Ralph E. Flanders 


ALPH E. FLANDERS, president of The American Society of Mechanical Engi- 
neers for the term 1934-1935, is president of the Jones & Lamson Macnine Com- 
pany and of the Bryant Chucking Grinder Company, both of Springfield, Vt. He 
was born at Barnet, Vt., on September 28, 1880, and was educated at the Central Falls 
(R. I.) High School. His early experience in machine design and construction was 
received at Brown & Sharpe Manufacturing Company, Taft-Pierce Manufacturing 
Company, International Paper Box Machine Company, and General Electric Com- 
pany. After four years as associate editor of Jlachinery and two years as sales engi- 
neer with the Fellows Gear Shaper Company, he joined the Jones & Lamson Machine 
Company in 1912 as manager of the Fay Lathe Department. In 1914 he was made 
general manager and in 1933 president of the company. 

Mr. Flanders is regarded as a national authority on machine design and construc- 
tion, especially on the engineering problems of screw threads and thread grinding. 
His 1924 A.S.M.E. paper on “The Design, Manufacture, and Production Control of a 
Standard Machine” brought a successful solution to the problem of building ma- 
chinery economically at widely varying rates of demand. 

Mr. Flanders has devoted a large amount of time and effort to the welfare of his 
profession, serving on many committees of The American Society of Mechanical 
Engineers. Since 1921 he has been a member and since 1930 chairman of the Sec- 
tional Committee on Standardization and Unification of Screw Threads. He repre- 
sented the A.S.M.E. on the National Screw Thread Commission from 1919 to 1924. 
He has been a member since 1926 and chairman since 1930 of the Special Research 
Committee on Strength of Gear Teeth. He served on the Publications Committee 
from 1918 to 1924 and acted as chairman in 1925 through 1928. He was a manager of 
the Society from 1926 to 1929 and vice-president in 1930 and 1931. 

He wasa delegate of the A.S.M.E. to the American Engineering Council in 1924-19235. 
Since 1932 he has been active in the Public Works program of the Council, and was a 
member of its Committee on Government Reorganization. As chairman of its Com- 
mittee on the Relation of Consumption, Production, and Distribution he has been in 
a position of strong leadership. 

Serving as president of the National Machine Tool Builders Association in 1924, 
Mr. Flanders presented a presidential address that dealt with current economic prob- 
lems. In this address he pointed out the importance of the transition from the econ- 
omy of need to the economy of plenty, a contribution of great importance to economic 
thinking of the times. His address before The American Society of Mechanical 
Engineers in December, 1930, on ‘‘Engineering, Economics, and Social Well-Being”’ 
marks his entry into a course of economic study, discussion, and writing that has 
brought him to the forefront of leadership in his field and led to his selection as a 
member of the American Engineering Council’s Committee on the ‘Relation of Con- 
sumption, Production, and Distribution, already mentioned. He is also a director 
of the Social Science Research Council. 

Upon the passage of the National Industrial Recovery Act in 1933 and the organiza- 
tion of the National Recovery Administration, Mr. Flanders was called into service as 
a member of the Industrial Advisory Board. He is also a member of the Business 
Advisory and Planning Council appointed by Secretary of Commerce, Daniel C. 


i 
{ 
; 
} 
t 
: 
| 
f 
5 
t 
- 
‘ 


Roper. At the conference of the industrial leaders engaged in the administration of 
various codes for industries held in Washington the first week in March, 1934, his 
grasp of the basic industrial and economic problems at the present time enabled him 
to step into a position of leadership in the discussion, which had a profound effect on 
the deliberations of that important occasion. 

Mr. Flanders has written on a wide range of subjects. In his early career his papers 
and books on gears and gear machinery were highly regarded. Later his discussions 
of industrial and economic problems have appeared in a wide range of magazines and 
and his book, “Taming Our Machines,”’ published in 1931, was very well received. 

Mr. Flanders was granted the degree of Mechanical Engineer by Stevens Institute 
of Technology in June, 1932, and the degree of Master of Arts by Dartmouth College 
the same year. In June, 1934, he was honored with the degree of Doctor of Science, 
by Middlebury College, and Doctor of Engineering by Brooklyn Polytechnic Insti- 
tute. He is lecturer at the Tuck School of Business Administration at Dartmouth 
College and has spoken before many groups of economists, engineers, and industrial- 
ists on subjects dealing with economics, engineering, and related problems. 
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The American Society of Mechanical Engineers 


‘THE members of the Council and of its standing and special 

committees given on the following pages are those in office 
on February 1, 1935, serving for the official year 1934-1935. 
The terms of office of members of other committees are not 
fixed by the official calendar. 


Officers and Council 


PRESIDENT 


Ravpu E. FLANDERS 


PAST-PRESIDENTS 
Terms erpire December 


Conrap N. Laver (1937) 
A. A. Porrer (1938) 
Dory (1939) 


CHARLES M. Scuwas (1935) 
Roy V. Wriaeur (1936) 


VICE-PRESIDENTS 


Terms expire December, 1936 
EvcGene W. O'Brien 

James H. HERRON 

Harry R. Westcotr 


Terms expire December, 1935 
WituraM L. Barr 

Harotp L. 

C. Hutcutnson 
H. 


MANAGERS 


Terms expire December, 1935 
Rosert L. Sacketr 

D. BatLey 

Joun A. HunTER 


Terms expire December, 1936 


James A. 
Ernest L. OHLE 
James M. Topp 


Terms expire December, 1937 


Bennett M. Jites W. Haney ALFRED IDDLES 


TREASURER 
Erik OBERG 


SECRETARY 
C. E. Davies 


Executive Committee of Council 


ALFRED IDDLES 
Harry R. Westcott 


E. Fuanpers, Chairman 
L. Batr 
James A. 


Advisory Members: Chairmen of the Finance Committee, the 
Local Sections Committee, and the Professional Divisions Committee 


Chairmen of Standing Committees 


Representatives on Council but without vote 
Finance, WALTER RavuTEN- Relations With Colleges, W. L. 


STRAUCH ABBOTT 
Meetings and Program, R. I. Education and Training for In- 
REEs dustries, G. A. SEYLER 


Publications, S. W. Dup.iey Library, E. P. WorpEN 

Membership, H. A. LARDNER Research, G. M. Eaton 

Professional Divisions, W. A. Standardization, C. W. Spicer 
SHoupy Power Test Codes, F. R. Low 

Local Sections, W. L. Duptey Safety, W. M. Grarr 

Constitution and By-Laws,H.H. Professional Conduct, C. G. 
SNELLING SPENCER 

Awards, W. L. Batr 


ASSISTANT SECRETARIES 


Ernest HartrorD C. B. LePage 


EDITOR 
G. A. STETSON 


Standing Committees 


FINANCE 


WaLTerR RAUTENSTRAUCH, Chairman and Representative on Council 
(1936) 

W. T. Conton (1935) 

W. D. Ennis (1937) 


Council Representatives { 


T. R. Weymoutu (1938) 
K. M. Irwin (1939) 

E. C. Hutcutnson (1935) 

J. H. Herron (1936) 


MEETINGS AND PROGRAM 


R. I. Rees, Chairman and Representative on Council (1935) 
E. C. Hutcurnson (1936) CLARKE FREEMAN (1938) 
H. N. Davis (1937) R. F. Gaae (1939) 
Junior Adviser: To be appointed 


PUBLICATIONS 


S. W. Duptey, Chairman and Representative on Council (1936) 
W. F. Ryan, Vice-Chairman (1937) M. H. Roserts (1938) 
S. F. VoorHeses (1935) G. F. Bateman (1939) 

O. B. Scuter, 2npv, Junior Adviser (1935) 


Advisory Members: A. J. Dicxts, E. B. Norris, E. L. OLE 
(Personnel of Special Committee, p. 8) 


MEMBERSHIP 


H. A. LarpNER, Chairman and Representative on Council (1935) 
R. H. McLarn (1936) L. R. Forp (1938) 
C. L. Davipson (1937) F. C. Spencer (1939) 


Advisory Member: O. E. Gotpscumipt (1935) 


PROFESSIONAL DIVISIONS 


W. A. SHoupy, Chairman and Representative on Council (1935) 
K. H. Conprr (1936) Crossy Fretp (1938) 
G. B. Pearam (1937) L. K. (1939) 


(Personnel of Professional Divisions’ Executive Committees, p. 9) 


LOCAL SECTIONS 


W. L. Duptey, Chairman and Representative on Council (1935) 
To be appointed (1936) W. R. Wootricx (1938) 
R. E. W. Harrison (1937) D. B. Prentice (1939) 
Junior Advisers 

S. E. Oren 
J. M. Tucker 


(Personnel of Local Sections’ Executive Committees, p. 12) 


JENSEN CLAUSEN 
F. X. KroGMANN 


CONSTITUTION AND BY-LAWS 


H. H. Sneturne, Chairman and Representative on Council (1935) 
RicuHarp Kvurzues, Jr. (1936) W. H. KavanauGa (1938) 
H. B. Lewis (1937) R. D. Brizzotara (1939) 


Junior Adviser: G. N. (1935) 


AWARDS 


The members of this Committee serve as members also of the Special 
Council Committee on Honors 
W. L. Bart, Chairman and Representative on Council (1935) 
HerMAN Drepericus (1936) L. P. ALrorp (1938) 
R. C. H. Heck (1937) Harte Cooxe (1939) 
Junior Adviser: C. B. ARNOLD (1935) 


RELATIONS WITH COLLEGES 


W. L. Assorr, Chairman and Representative on Council (1935) 
E. W. BursBank (1936) W. A. Hantey (1938) 
R. V. Wrieut (1937) F. V. Larxrn (1939) 

R. F. Warner, Jr. (1935) 
Junior Advisers D. Jr. (1935) 


(Student Branches and Officers, p. 18) 
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EDUCATION AND TRAINING FOR THE INDUSTRIES 


G. A. Styier, Chairman and Representative on Council (1935) 
C. J. Freonp (1936) J. A. RANDALL (1938) 
JouHn YOUNGER (1937) P. E. Buiss (1939) 


LIBRARY 


E. P. Worpen, Chairman and Representative on Council (1935) 
G. F. (1936) J. S. Kerins (1938) 
L. K. (1937) The Secretary, C. E. Davies. Ex-Officio 


RESEARCH 
Organized in 1909 to supervise all research activities of the Society, to 
cooperate with similar committees of kindred societies, to encourage 
research, and to disseminate knowledge of researches conducted 
in the United States and in other countries 

G. M. Eaton, Chairman and Representative on Council (1935) 
D. B. (1936) H. A. JoHNSON (1938) 
C. R. Ricnarps (1937) N. E. Funk (1939) 


(Personnel of Special Committees, p. 20) 


STANDARDIZATION 


Organized in April, 1911, to supervise all standardization activities of 
the Society and to advise concerning the Society's participation in 
the activities of the American Standards Association 
C. W. Spicer, Chairman and Representative on Council (1935) 
ALFRED IppLEs (1936) WALTER SaMANs (1938) 
L. A. Cornewius (1937) O. A, LeuTWILER (1939) 


(Personnel of Special Committees, p. 22) 


POWER TEST CODES 


Organized December, 1918, to revise and extend the Power Test Codes 
of the Society. These codes had been formulated by various technical 
committees appointed to develop particular codes. This work 
began in 1886 
F. R. Low, Chairman and Representative on Council (1935) 

R. H. Fernavp, Acting Chairman 
Term expires 1935 Term expires 1936 

A. T. Brown A. G. CHRISTIE 

R. H. Fernatp Diserens 
F. E. C. Hurcrinson 
F. R. Low G. A. Orrox 

R. J. S. Pieorr W. M. Wuire 


Term expires 1938 
Hans DAHLSTRAND 


Term expires 1937 
Harte Cooke 


E. R. Louis Evuiorr 
O. P. Hoop G. A. Horne 

H. B. OatLey H. B. Reynoups 
W. J. WoHLENBERG E. N. Trump 


Term expires 1939 
D. 8. Jacosus 
L. F. Moopy 


C. H. Berry 
FrRANcis HopG@KINSON 
E. B. Ricketts 


(Personnel of Technical Committees, p. 26) 


SAFETY 


Appointed in October, 1921, to extend the knowledge of accident 
prevention, to promote cooperation in this field, and to supervise 
all safety code activities of the Society with the exception of 
those of the Boiler Code group of committees 


W. M. Grarr, Chairman and Representative on Council (1936) 
M. H. CurisTopHERSON (1935) H. L. Miner (1938) 
H. H. Jupson (1937) To be appointed (1939) 


(Personnel of Special Committees, p. 27 


PROFESSIONAL CONDUCT 


C. G. Spencer, Chairman and Representative on Council (1935) 
E. R. (1936) 
J. H. Herron (1937) 


E. F. Scorr (1938) 
Hvuco Diemer (1939) 


Special Technical Committees 
BOILER CODE 


F. R. Low, Chairman 

D. 8. Jaconus, Vice-Chairman 
C. W. Osert, Honorary Secretary 
M. Jurist, Acting Secretary 
C. A. ADAMS 

H. E. Aupricu 

W. H. Borum 

R. E. Crciu 

F. 8S. CLark 

W. F. DuRAND 

A. J. Evy 

E. R. Fisu 

V. M. Frost 


C. E. Gorton 

A. M. GREENE, Jr. 
F. B. Howe. 

J. O. Leecu 

M. F. Moore 

I. E. Moutrrore 
O. Myers 

H. B. Oatiey 
JAMES PARTINGTON 
WALTER SAMANS 
C. L. Warwick 

A. C. WEIGEL 

H. LeRoy Wurrney 


Honorary Members 


F. W. Dean 
T. E. DurBaNn 
C. L. Huston 


W. F. 
H. H. VauGHan 


Conference Committee to the Boiler Code Committee 


T. R. Arcuer, Delaware 

L. M. Barrinaer, Seattle, Wash. 

H. D. Bomseck, St. Joseph, Mo. 

B. M. Book, Pennsylvania 

J.C. Bryan, St. Louis, Mo. 

Joun CAMPBELL, Pennsylvania 

T. C. Cannon, Tulsa, Okla. 

A. L. Dante.s, Parkersburg, 
W. Va. 

James Indiana 

L. F. Maryland 

M. A. Epaar, Wisconsin 

E. W. Farmer, Rhode Island 

M. J. Fuyzix, Washington 

C. W. Foster, Omaha, Nebraska 

W. H. Furman, New York 

Geracp Gearon, Chicago, II. 

E. M. Goopman, Evanston, III. 

C. H. Gram, Oregon 

P. M. Greentaw, District of 
Columbia 


F. A. Heckincer, Memphis, 
Tenn. 

J. M. Lukens, Philadelphia, Pa. 

J. M. Lyneu, Erie, Pa. 

C. E. McGinnis, Los Angeles, 
Calif. 

H. H. Miuus, Detroit, Mich. 

A. C. Mrrcne.y, Seranton, Pa. 

C. O. Myers, Ohio 

J. D. Newcomen, Arkansas 

W. L. Newron, Oklahoma 

Dante. O'Connor, Michigan 

F. A. Page, California 

L. C. Peat, Nashville, Tenn. 

J. J. Ryan, Kansas City, Mo 

E. K. Sawyer, Maine 

A. H. Tampa, Florica 

J. F. Scorr, New Jersey 

C. 1. Smrra, Utah 

Wo. E. Samira, Hawaii 

GeorGe Wiicox, Minnesota 


Executive COMMITTEE 
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. E. Gorton 

F. R. Low 

C. W. Opert 
JAMES PARTINGTON 


SUBCOMMITTEE ON BoILers OF LocoMOTIVES 


James ParRTINGTON, Chairman 
F. H. CLark 


H. B. Oatiey 
A. G. Pack, Conference Member 


SUBCOMMITTEE ON CARE OF STEAM BorILerRs AND OTHER PRESSURE 
VESSELS IN SERVICE 


F. M. Grsson, Chairman 
V. M. Frost 

J. R. Guin 

J. A. HUNTER 

H. J. Kerr 


W. H. Larkin, Jr. 
T. 

C. W. Rice 

H. F. Scorr 
NIcHouas 


F, G. Straus 


SuBCOMMITTEE ON HEATING BoILeRS 


F. B. Howe, Chairman 
W. H. Boerum 

C. E. Bronson 

J. A. Darts 


C. E. Gorton 

F. W. HERENDEEN 
W. E. Stark 

J. W. TurNER 


SUBCOMMITTEE ON MATERIAL SPECIFICATIONS 


Members of A.S.M.E. Boiler Code Committee 


Cassipy, Chairman 


P. R. 
A. M. GREENE, Jr. 


J. O. Lercu 
C. L. Warwick 
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Members of Conference Committee of American Society for 
Testing Materials 
C. L. Warwick, Chairman 
W. Rys 


E. J. Epwarps 


Members of Conference Committee of Association of American 


Steel Manufacturers, Technical Committees 
J. O. Lercu, Chairman E. F. KENNEY 
A. D. Peace 


SUBCOMMITTEE ON MINIATURE BOILERS 


W. H. FurMan 
C. O. Myers 
C. W. Onert 


C. E. Gorton, Chairman 
JAMES PARTINGTON, Vice-Chairman 
E. R. Fisx 
J. H. PLuNKetr 


SUBCOMMITTEE ON RULES FOR INSPECTION 


WILLIAM FERGUSON 
C. E. Gorton 
F. W. HERENDEEN 


J. A. Couurns, Chairman 
S. H. BARNUM 
L. E. CONNELLY 
JAMES PARTINGTON 


SUBCOMMITTEE ON SPECIAL DEsIGN 


D. B. Wesstrom, Chairman 
W. L. BowLer 

R. E. Ceci. 

DIseRENS 


H. E. RockereLuer 
D. B. RossHem 

W. H. Rowanp 

E. O. WaTEerRS 

F.S. G. 


SUBCOMMITTEE ON UNFIRED PRESSURE VESSELS 


E. R. Fisu, Chairman R. E. Ceci. 
C. A. ADAMS DIseRENS 
W. H. Borum A. W. Limont, Jr. 
C. E. Bronson H.S. Smira 

D. B. Wesstrom 


SUBCOMMITTEE ON WELDING 


Members of A.S.M.E. Boiler Code Committee 
JAMES PARTINGTON, Chairman E. R. 
A. ADAMS R. K. Hopkins 
A. M. Canby T. McLEAn JASPER 
R. E. Ceci. L. A. SHELDON 
J. H. DepreLer Henry TORRANCE, JR. 


Members of Conference Committee of American Welding Society 


C. W. Opert, Chairman F. C. Fyke 
L. H. BuRKHART J. W. Owens 
J. J. Crowe A. Kipp 


E. H. Ewertz H. E. Rockere._er 


L. H. 


API-ASME COMMITTEE ON UNFIRED PRESSURE VESSELS 
A.S.M.E. Representatives 

R. E. Ceci. 

E. R. Fisu 


D. 8S. Jacosus 
T. McLean JASPER 
JAMES PARTINGTON 


A.P.1. Representatives 


WALTER Samans, Chairman K. V. Kine 
A. J. (P. D. McE Alternate) 
R. C. Powe. T. D. Tirrr 


SHAFT COUPLINGS 


Appointed in December, 1928 
A.S.M.E. Members (Total personnel, 6) 
D. J. McCormack H. G. Reistr 
R. E. B. SHarp 


DEVELOPMENT OF APPLICATIONS OF STATISTICS IN 
ENGINEERING AND MANUFACTURING 


Joint sponsorship with the American Society for Testing Materials. 
Appointed in December, 1929 
A.S.M.E. Members (Total personnel, 4) 
W. H. TL. K. Sttucox 


STANDARD HEIGHT FOR LOADING PLATFORMS AT 
FREIGHT TERMINALS AND WAREHOUSES 


Joint sponsorship with the Society of Terminal Engineers. 
Appointed in December, 1931 
A.S.M.E. Members (Total personnel, 13) 
tC. B. Crockett 


Special Council Committees 
ADVERTISING REVENUE 


8S. W. Duptey, Chairman of Committee on Publications 
Wa RAvuTENSTRAUCH, Chairman of Finance Committee 
H. R. Wesrcorr, Chairman of Committee on Policies and Budget 


ADVISORY BOARD ON TECHNOLOGY 


A. A. Porrer, Chairman 
D. B. Research 
K. H. Conor, Professional Divisions 
S. W. Dup.ey, Publications 
R. I. Rees, Meetings and Program 


ADVISORY BOARD ON STANDARDS AND CODES 


Avex D. Battey, Chairman 
V. M. Frost, Boiler Code 
W. M. Grarr, Safety 
Francis HopGktnson, Power Test Codes 
L. A. CorNELIUs, Standardization 


BOARD OF REVIEW (DELINQUENT MEMBERS) 


A. D. BLAKE J. P. Nerr 
H. B. Oatiey 


BOND ISSUE (CERTIFICATES OF INDEBTEDNESS) 


Dexter 8S. KimBa.u, Chairman 
Dory 

W. A. HANLEY 

F. 


J. H. LAWRENCE 

W. R. WEBSTER 

W. H. WINTERROWD 

Erik OseErG, Ex-Officio 
Trustees for Issue of Certificates of Indebtedness: 

D. S. Ertk OBERG R. V. Wricut 


CAPITAL GOODS INDUSTRIES 


L. W. W. Morrow 
OBERG. 


L. P. ALtrorp, Chairman 
R. E. FLANDERS 


CITIZENSHIP (MANUAL ON) 


J. W. Rog 
W.H. WINTERROWD 


A. R. Chairman 
LILLIAN M. GILBRETH 
R. V. Wricat 


COOPERATIVE RELATIONS 
H. V. Cores, Chairman 
D. RoBert YARNALL 


R. I. Rees 


ECONOMIC STATUS OF THE ENGINEER 


C. F. Chairman 
D. S. 

C. N. Laver 

H. B. Oatiey 


H. L. 
W. E. WicKENDEN 
W. L. ABsorr 
Ww. L. Ex-Officio 


EMPLOYMENT (MEMBER RELATIONS) 


CrossBy J. N. Lanpis 


W. A. SHoupy 
ENGINEERING HISTORY 
(To be appointed) 


FREEMAN SCHOLARSHIP 


T, Main, Chairman 
E. C. HutcHiInson 


CLARKE FREEMAN 


+ Official A.S.M.E. representatives serving on this committee. 
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HONORS 


The members of the Standing Committee on Awards (see page 5) also 
serve as a Special Committee on Honors 


JUNIOR PARTICIPATION 


D. B. PRENTICE 
W. H. WInTERROWD 
(Junior Member to be appointed) 


MANUAL OF PRACTICE 


W. A. SHoupy, Chairman J. M. Topp 

ALFRED IDDLES B. F. Woop 

Wynn MEREDITH C. G. Spencer, Ex-Officio 
THEODORE BAUMEISTER, JR., Acting Secretary 


Junior Adviser, PHILtp WERNER 


POLICIES AND BUDGET 


H. R. Wsstcorr, Chairman J. N. LAnpis 
L. P. ALForD J. H. LAWRENCE 
B. M. BrigMan R. G. Macy 
H. M. Burke A. L. MAILLARD 
W. H. M. C. MaxwELu 
ALFRED IDDLES OBERG 
A. C. JEWETT L. K. 
W. H. WINTERROWD 
PUBLIC AFFAIRS 
R. V. Wricut, Chairman R. E, FLANDERS 
L. P. ALForD A. A. PorrEer 
Paut Doty J. W. Roe 


D. Rospert YARNALL 


REGISTRATION OF ENGINEERS 


J. H. Lawrence, Chairman D. S. 
Paut Dory V. M. PALMER 
J.M 


C. F. . Topp 


CALVIN W. RICE MEMORIAL 


H. N. Davis, Chairman C. N. Laver 

J. D. CUNNINGHAM E. W. O’Brien 
W. F. Duranp J. W. PARKER 
C. E. FULLER R. L. Sacketr 


SPIRIT OF ST. LOUIS MEDAL BOARD OF AWARD 
(Dates in parentheses denote expiration of terms) 
. AzBE, Chairman (1943) W. B. Mayo (1937) 


Vidi 
J. H. Doourrriez, Secretary (1940) OrvILLE Wricut (1940) 
H. I. Cong (1937) C. B. M1LurKan (1943) 


GEORGE WESTINGHOUSE BUST 


K. T. Compton 
S. W. DupLrey 
C. H. Laver 
L. A. OSBORNE 


AmBROSE SwasEy, Honorary Chairman 
D. S. Kimsatu, Chairman 
L. B. STILLWELL, Vice-Chairman 
W. W. ATTERBURY 
C. F. Scorr 


GEORGE WESTINGHOUSE MEMORIAL 
(Ninetieth Birthday in 1936) 


R. V. Wrieut, Chairman J. H. McGraw 
S. W. DupLey C. F. Scorr 
R. I. Regs, Ex-Officio 
Special Publications Committee 
BIOGRAPHY ADVISORY COMMITTEE 

R. V. Wrieuat, Chairman F. R. Low 

L. P. ALForpD G. A. OrroK 
R. E. FLANDERS J. W. Ror 


Special Administrative Committee 
REGULAR NOMINATING COMMITTEE (FOR 1935) 


GROUP 


I. W. K. Simpson, Waterbury, Conn. 
Pror. C. H. Berry, Cambridge, Mass., Alternate 


II A.D. Buaxg, New York, N. Y. 
E. A. Kersey, New York, N. Y., Alternate 


III Pror. A. G. Curistig, Baltimore, Md. 
A. R. Stevenson, Jr., Schenectady, N. Y., 1st Alternate 
Pror. F. V. Larkin, Bethlehem, Pa., 2nd Alternate 


IV Dean B. R. Van Luger, Gainesville, Fla. 
R. P. Kos, Raleigh, N. C., Alternate 


A.N. Gopparp, Detroit, Mich. 
Pror. F. W. Marquis, Columbus, Ohio, Alternate 


VI F.H. Dorner, Milwaukee, Wis. 
A. A. Lugss, Lincoln, Neb., Alternate 


VII Pror. R. L. Dauauerty, Pasadena, Calif. 


R. BR. 


. Vatu, Los Angeles, Calif., 1st Alternate 
Rosertson, Los Angeles, Caiif., 2nd Alternate 


LOCAL SECTIONS IN NOMINATING COMMITTEE GROUPS 


Boston 
BRIDGEPORT 


GREEN MountTAIN 


HARTFORD 
MERIDEN 
New Britain 


GROUP I 
New Haven 
Norwicu 
PROVIDENCE 
WATERBURY 
WeEsTERN MASSACHUSETTS 
WoRCESTER 


GROUP II 


METROPOLITAN (N. Y.) AND ForEIGN MEMBERS 


ANTHRACITE-LEHIGH VALLEY 


BALTIMORE 


CENTRAL PENNSYLVANIA 


ONTARIO 
PHILADELPHIA 
PLAINFIELD 


ATLANTA 
BIRMINGHAM 
CHARLOTTE 
CHATTANOOGA 
FLORIDA 
GREENVILLE 
Houston 


AKRON-CANTON 
BuFFALO 
CINCINNATI 
CLEVELAND 
CoLuMBUs 
Dayton 
DETROIT 


CHICAGO 
Kansas City 
Mip-ConTINENT 
MILWAUKEE 
MINNESOTA 


CoLoRADO 
INLAND Empire 
Los ANGELES 
OREGON 


GROUP III 


RocHESTER 
SCHENECTADY 
SusQUEHANNA 
SYRACUSE 

Utica 
WasuHineaton, D. C. 


GROUP IV 


KNOXVILLE 
MempPHIS 
New ORLEANS 
NortH Texas 
RALEIGH 
SAVANNAH 
VIRGINIA 


GROUP V 


INDIANAPOLIS 
LovISVILLE 
PENINSULA 
PITTSBURGH 
ToLepo 

“ West VIRGINIA 
YOUNGSTOWN 


GROUP VI 


NEBRASKA 

Rock River VALLEY 
St. JosppH VALLEY 
Sr. Louis 
Tri-CiTIEs 


GROUP VII 


San FRANCISCO 
WESTERN WASHINGTON 


i 
W.A. 
A. A. 
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Professional Divisions 
(Personnel of Standing Committee, page 5) 


Aeronautic Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


J. H. Doourrrie, Chairman R. M. Mock 
ALEXANDER KLeMIN, [st Vice-Chairman E A. Sperry 
Jerome Leperer, Secretary B. M. Woops 


COMMITTEE ON INDUSTRIAL AERODYNAMICS 


ALEXANDER Secretary W. G. Grove 
ALLEN O. E. Hovey 
W. H. Carrier A. L. 
H. E. Davison R. J. 8. Pieotrr 
H. P. Frear L. K. 


REPRESENTATIVES ON OTHER ACTIVITIES 


Aircraft Safety and Inspection, Jerome LEDERER 
Marking of Obstructions to Air Navigation, J. E. Warrseck 
Spirit of St. Louis Medal Board of Award, V. J. AzBE 
Daniel Guggenheim Medal Fund, E. E. ALpRIn 


Applied Mechanics Division 
Organized, 1927 


EXECUTIVE COMMITTEE 


Rupen EKSERGIAN 
J. C. HUNSAKER 


J. A. Gorr, Chairman 
E. O. Waters, Secretary 
C. R. SopERBERG 
Associates 


A. L. J. M. G. B. PeGram 


JOURNAL OF APPLIED MECHANICS 
J. M. Technical Editor 


SUBCOMMITTEE CHAIRMEN 


Elasticity, StepHEN TIMOSHENKO 
Hydromechanics, THEODOR VON KaRMAN 
Materials, R. E. Pererson 
Plasticity, A. Napali 
Thermodynamics, J. A. Gorr 
Vibration, F. M. Lewis 


Fuels Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


K. M. Irwin, Chairman M. D. 

W. G. Curisry, Secretary T. A. Mars# 

L. C. BosLer R. A. SHERMAN 
Associates 

A. D. BuaKe JoHN VAN Brunt 

A. C. STERN F. M. Van DEVENTER 


SUBCOMMITTEE ON PROGRAMS, MEETINGS, AND AIMS 


M. D. Chairman J. N. Lanpis 
OLLISON CRAIG J. F. Murr 
R. M. HarpGrove H. G. Ture 


SUBCOMMITTEE ON FUELS ENGINEERING PROGRESS 
REPORT 


K. M. Irwin, Chairman 


SUBCOMMITTEE ON CINDERS AND FLY ASH 
A. C. Stmrn, Chairman 


COMMITTEE ON SAMPLING PULVERIZED FUEL IN A 
MOVING GAS STREAM 


(Research Committee; see page 21) 
K. M. Irwin, Chairman and Representative of Fuels Division 


COMMITTEE ON REMOVAL OF ASH AS MOLTEN SLAG 
FROM POWDERED-COAL FURNACES 


(Research Committee; see page 21) 
K. M. Irwin, Chairman and Representative of Fuels Division 


PURE AIR COMMITTEE 


Organized, 1932 
E. C. Hutcurinson, Chairman M. D. 
E. H. Wuittock, Secretary 0. P . Hoop 
J. W. Armour Wa F. KEENAN 
Representatives 
Puitiep Drinker, American Society of Heating and Ventilating 
Engineers 


H. C. Murpny, Alternate 
K. M. Irwin, A.S.M.E. Fuels Division 
H. B. Metuer, Mellon Institute of Industrial Research 
E. B. Ricketts, Edison Electric Institute 


Hydraulic Division 
Organized, 1926 


EXECUTIVE COMMITTEE 


C. F. Merriam, Chairman 
8S. Logan Kerr, Secretary 
B. R. Van Leer 


Paut DIseRENs 
D. J. McCormack 


MEETINGS AND PAPERS COMMITTEE 
S. Logan Kerr, Chairman R. W. Aneus 


COMMITTEE ON WATER HAMMER 
Honorary Member, Lorenzo A.utevi, Rome, Italy 
8. Logan Kerr, Chairman L. F. Moopy 
Hatmos (A.8.C.E.) R. 8. Quick 
N. R. Gipson E. B. StrowGer 
COMMITTEE ON TRANSLATIONS AND TERMINOLOGY 
B. R. Van Leger, Chairman 


Tron and Steel Division 
Organized, 1927 


EXECUTIVE COMMITTEE 


H. WIcKENDEN, Chairman 


S. M. 
J. H. Hrrescock, Secretary 
W.A. 


Wituis McKer 
JAMES W. R. WEeBsTER 
Associates 
F. C. Biacert, Jr. C. 8. Rosprnson 
A. J. Boynton G. T. SnypER 
A. G. W. Trinxs 


S. M. WEeckKsTEIN 


Machine Shop Practice Division 


Organized, 1921 
EXECUTIVE COMMITTEE 
R. E. W. Harrison, Chairman E. R. Norris 
G. F. NorpENHOLT?, Secretary B. G. Tane 
B. P. Graves CaRLos DE ZAFRA 


SUBCOMMITTEE ON FOUNDRY PRACTICE 
James THomson, Chairman R. E. Kennepy, Secretary 
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Machine Shop Practice Division (continued) 
SUBCOMMITTEE ON MACHINE DESIGN 


J. A. Chairman 
J. B. ARMITAGE 

G. H. ASHMAN 

G. F. CosGrove 


FREDERICK FRANZ 
G. B. 
G. F. NorpENHOLT 
ALBERT PALMER 


SUBCOMMITTEE ON LUBRICATION ENGINEERING 


W. F. Parisn, Chairman 
C. H. 


G. B. 
C. M. Larson 
H. J. Masson 
SUBCOMMITTEE ON CUTTING METALS 


CoLEMAN SELLERS, 3RD, Chairman 


SUBCOMMITTEE ON WELDING 
Everett CHAPMAN, Chairman 


Management Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


Dar 
WALTER RAUTENSTRAUCH 
J. R. SHEA 


J. A. Chairman 
G. W. Ke sey, Vice-Chairman 
W. H. Kusanick, Secretary 


Associates 


C. W. F. E. Raymonp 


Student Associates 
F. WEAVER, Stevens Institute of Technology 
R. Bruacer, Polytechnic Institute of Brooklyn 
M. J. Massimo, New York University 
V.S. Myers, Columbia University 
R. H. Curtiss, Columbia University 


SUBCOMMITTEE CHAIRMEN 


Economics, Kerr ATKINSON 
Finance and Accounting, K. W. JaprEe 
Human Relations, R. Likert 
Job Shop Management, A. J. GraF 
Management Research, W. E. FREELAND 
Marketing, G. W. Kesey 
Metropolitan Section, A. F. Ernst 
Quality Control, M. F. SkinKER 
Time and Motion Study, D. B. Porter 
Waste Elimination, C. B. AvEL 


NATIONAL MANAGEMENT COUNCIL 
(See page 30) 


Materials Handling Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


J. B. Wess, Chairman . HAGEMANN 


. Moore 


F. D. CampBELL 
J. A. Jackson 
-H 


R. H. McLain . D. Smita 


National Defense Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


H. I. Cong, Chairman 
W. C. DickERMAN 
J. L. WatsH 
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Oil and Gas Power Division 


Organized, 1921 


EXECUTIVE COMMITTEE 


MIuuer, Chairman 
M. J. Reep, Secretary 
L. B. JacKson 


E. J. Kates 
ERNEsT NIBBS 
Lee SCHNEITTER 


Harte Cooke 
L. R. Forp 
L. M. 


H. C. Masor 
H. T. Moore 
L. H. Morrison 


SUBCOMMITTEE ON 1934 OIL ENGINE POWER 
REPORT 


COST 


H. C. Masor, Chairman 
M. J. ReeEp, Secretary 
L. R. Forp 

W. G. G. Gopron 
K. M. Irwin 
E. 


Howarp McCurpr 
A. B. MorGan 

L. H. Morrison 
H. A. Person 

Lee SCHNEITTER 
P. H. ScHwe!tTzER 
H. C. THuerk 


J. Kates 
C. LENFEST 
C. A. TRIMMER 


Petroleum Division 
Organized, 1925 


EXECUTIVE COMMITTEE 


H. F. Chairman 
Harowup Apkison, Midwestern Secretary 
H. J. Masson, Secretary 


W. H. Carson 
F. H. EBERLE 
W. G. 
T. D. Tirrt 

Associates 


E. H. Bartow H. P. Porter 


WALTER SAMANS 


SUBCOMMITTEE ON PRODUCTION 


H. Carson, Chairman 
. M. Carr 
W. MANLEY 


R. R. Hawkins 
H. Decker 
J. R. JoHNsTON 


SUBCOMMITTEE ON OIL TRANSPORTATION 
G. HELTzEL, Chairman 
N. Horne 
. N. Hunter 
. P. SIBOLE 


H. M. STEVENSON 
F. A. STIVERS 

F. E. WARTERFIELD 
Oscar WoLFE 


. 


SUBCOMMITTEE ON GAS TRANSPORTATION 
R. W. Henvest, Chairman 


SUBCOMMITTEE ON PETROLEUM REFINING 


T. D. Tirrt, Chairman T. H. Hamivton, Vice-Chairman 


SUBCOMMITTEE ON LUBRICATION ENGINEERING 
(Machine Shop Practice Division; see preceding column) 
H. J. Masson, Representative of Petroleum Division 


SURVEY COMMITTEES ON PETROLEUM PROBLEMS 
(Now at work or in the process of formation in the Mid-Continent 


Section) 
Unfired Pressure Vessels 
Diesel Engine Driven Reciprocating Pumping Stations 
Uniform Code of Economic Analysis of Different Types of Oil Pipe 
Line Pumping Stations 


Power Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


. BRENTLINGER, Chairman Ww. 
A. 


J.M CALDWELL 
W. A. Carter, Secretary 


E. 
E. GrRuNERT 
J. C. Hopss 


} 
Associates 
q 
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M. W Potts, Secretary 
N. W. ELMER G. L. MoreHEAD 
‘ 4 
Associates 
R. B. RENNER 
F. J. Sueparp, Jr. 
j 
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Printing Industries Division 
Organized, 1922 


EXECUTIVE COMMITTEE 


Epwarpb Epstean, Chairman 
Epwarp P. Huss, Secretary 
J. M. 


R. G. MacpoNaLD 
JoHN CLYDE OSWALD 
Burt D. STEVENS 


Associates 


Wo. C. GLass 

Harry GROESBECK, JR. 
WELLs F. Harvey 

T. R. Jones 

HapAR ORTMAN 

H. M. 


V. WINFIELD CHALLENGER 
SUMMERFIELD Eney, Jr. 
F. M. Ftynn 

Harry L. Gace 

A. E. GigGENGACK 


CHAIRMEN OF DIVISIONAL COMMITTEES 


Meetings and Programs, G. D. BEarcE 
Paper and Pulp, W. R. Maui 
Progress Report, W. S. Huson 

Research and Survey, ARTHUR C. JEWETT 


The Division sponsors the Conference of the Technical Experts 
in the Printing Industry, a forum for the discussion of the mechani- 
cal and process problems of the entire graphic arts field; also the 
Graphic Arts Research Bureau, formed to act as a clearing house for 
graphic arts research and for the collection, correlation, and distribu- 
tion of research information pertaining to the industry and for the 
sponsorship of research work. 


Process Industries Division 
Organized, 1934 


EXECUTIVE COMMITTEE 


Victor Wicuum, Chairman 
W. K. Vice-Chairman 
T. R. Ourve, Secretary 


C. E. HARRINGTON 
H. D. Munson 
C. W. THomas 


SUBCOMMITTEE CHAIRMEN 


Air Conditioning, G. B. BatLey 
Brewing, C. F. Kayan 
Ceramics, W. K. McAFree 
Cottonseed Processing, W. R. Woo.Lricu 
Drying, C. W. THomas 
Food Processing, G. L. MonTGOMERY 
Pulp and Paper, H. D. FisHer 
Pulverizing and Grinding, J. C. Harpice 
Sanitation, RaiscH 
Sugar, F. M. Grpson 
Unit Operation Costs, H. J. Masson 


HEAT TRANSFER COMMITTEE 


J. H. SENGsTAKEN, Chairman F. H. EBerie 
R. E. H. C. Horret 
T. H. M.S. Van Dusen C. E. Lucke 


Railroad Division 
Organized, 1920 


EXECUTIVE COMMITTEE (RR1) 


C. E. Barsa, Chairman 
G. W. Rink, 1st Vice-Chairman 
W. H. WINTERROWD, 2nd Vice-Chairman 
C. T. 3rd Vice-Chairman 
E. C. Scumipt, 4th Vice-Chairman 
M. B. Ricuarpson, Secretary 


GENERAL COMMITTEE (RR2) 


C. E. BarBa, Chairman P. C. Moraes (1937) 
O. C. Cromwe.t (1935) K. F. Nystrom (1937) 
J. R. Jackson (1935) W. G. Buiack (1938) 

M. H. Roserts (1935) W. H. Cuieae (1938) 

A. I. Liperz (1936) G. A. Youne (1938) 

F. E. Lyrorp (1936) - L. H. Fry (1939) 

SuMNER (1936) F. E. (1939). 
T. C. McBripe (1937) R. W. Satispury (1939) 
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PAST-CHAIRMEN (RR3) 


E. B. Karre* (1920-1922) R. S. McConne.u (1929) 
JAMES PARTINGTON (1923-1924) A. F. Steusine (1930) 
C. E. (1925) SuMNER (1931) 
H. B. Oatiey (1926-1927) T. C. McBripe (1932) 
Wo. (1928) L. K. (1933) 

C. B. Peck (1934) 


CHICAGO GROUP (RR4) 


W. O. Moopy, Chairman 
E. L. Woopwarp, Secretary 
WaLTeR DUNHAM 


Peter PARKE 
C. T. Rretey 
W. H. WInTERROWD 


COMMITTEE ON MEETINGS AND PAPERS (RR5) 
W. H. WINTERROWD, Chairman - 

Spring Meeting, 1935 

COMMITTEE ON SURVEY (RR6) 


A. I. Liperz, Chairman (Locomotive and Foreign Developments) 
W. H. Ciece (Canadian and Automotive Equipment) 
P. C. Moraes (Mexican and South American Developments) 
K. F. Nystrom (Cars) 


COMMITTEE ON TECHNICAL CONTACTS (RR7) 


E. C. Scumipt, Chairman F. E. Lyrorp 
O. C. CROMWELL F. E. Russe.u 
J. R. JacKsSon R. W. SaisBurY 


COMMITTEE ON PROFESSIONAL SERVICE (RR8) 


L. K. Sttucox, Chairman (Membership) 
H. B. Oatuey (Professional Survey) 
M. B. RicHaRDsOoN 


COMMITTEE ON RESEARCH (RRQ) 


L. H. Fry, Chairman G. W. Rink 
T. C. McBrive A. F. Srevupine 


JaMES PARTINGTON G. A. Youne E.iot SUMNER 


Textile Division 
Organized, 1921 


EXECUTIVE COMMITTEE 
H. D. LEARNARD, Chairman 
M. A. Gotrick, Jr., Secretary 
A. W. Benoit 


WENDELL Brown 

W. L. Conran 

C. H. Ramsey 
Associates 
H. M. Burke 
Pavut MERRIAM 


ALBERT PALMER 
EARLE STALL 


Wood Industries Division 
Organized, 1921 


EXECUTIVE COMMITTEE 


G. Perris, Chairman A. W. 
H. B. Carpenter, Secretary L. M. NicHots 
A. D. Jr. 

Associates 
C. L. Bascock A. 8. KurKsIAN R. H. McCarruy 
P. H. BitnuBER SeRN MADSEN P. T. Norton, Jr. 

F. P. CartwricHT J. H. MANSFIELD T. D. Perry 


J. S. 


SAWS AND KNIVES COMMITTEE 
C. L. Bascock, Chairman G. E. Frencua, Secretary 


RESEARCH SURVEY COMMITTEE 
G. R. Perris, Chairman 
* Deceased. 
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Local Sections 


(Personnel of Standing Committee, p. 5) 


Midwest Office 


R. R. Leonarp, Midwest Representative, 
Room 1617, 205, West Wacker Drive, Chicago, IIl. 


Mid-Continent Office 


J. Haroitp Apxison, Mid-Continent Petroleum Secretary, 
213 Midco Bldg., Tulsa, Okla. 


AKRON-CANTON 


Organized: 1920 

Territory: Counties of Richland, Ashland, Medina, Summit, 
Portage, Wayne, Stark, Holmes, Tuscarawas, Carroll, and 
Coshocton in Ohio 

Number of Members: 108 


EXECUTIVE COMMITTEE 


C. H. BruGGEeMEIR 
Jas. ForREST 


WHiTakeEr, Chairman 
Waner, Vice-Chairman 


H. E. 

H. A. Trisuman, Secretary-Treasurer A. J. KELLER 

R. F. BacuHe A. D. MacLacHLan 
F. P. Brown C. W. Traut 


ANTHRACITE-LEHIGH VALLEY 


Organized: 1920, as Lehigh Valley; reorganized, 1928, as Anthra- 
cite-Lehigh Valley 

Territory: Counties of Bradford, Susquehanna, Wayne, Sullivan, 
Wyoming, Lackawanna, Columbia, Luzerne, Monroe, Pike, 
Schuylkill, Carbon, Berks, Lehigh, Northampton in Pennsyl- 
vania, and Warren in New Jersey 

Place of Meeting: One meeting annually at Allentown, Bethlehem, 
Easton, Hazleton, Pottsville, Reading, Scranton, and Wilkes- 
Barre 

Local Organization: The Engineers’ Club of Lehigh Valley 

Number of Members: 205 


EXEcuTIvE CoMMITTEE 


F. H. Decuant, Chairman A. W. Luce 

H. C. Vice-Chairman C. M. Merrick 

M. C. Stuart, Vice-Chairman J. A. PowE.u 

P. B. Eaton, Vice-Chairman CHRISTIAN SCHILLINGER 
C. W. Betu, Secretary E. E. Smita 

R. J. Prince, Treasurer P. A. WEAVER 

W. W. Hacerty D. G. 


ATLANTA 


Organized: 1913 

Territory: Radius of sixty miles from Atlante, Ga. 
Place of Meeting: Atlanta Athletic Club 

Number of Members: 70 


CoMMITTEE 


GerorGE BRAUNGART, JR. 
J. W. Parker, Jr. 
P. R. Yorp 


E. W. Kern, Chairman 
W. C. Wroz, Vice-Chairman 
R. M. Matson, Secretary-Treasurer 


BALTIMORE 


‘Organized: 1916 

Territory: Radius of thirty miles from Baltimore, Md. 

Place of Meeting: Engineers’ Club of Baltimore 

Luncheon meeting every Wednesday at 12:00 noon at Engineers’ 
Club 

Number of Members: 158 


CoMMITTEE 


J. C. Strorr, Chairman 

F. W. Kouwennoven, Secretary-Treasurer N. B. Hieerns 

J. R. BAKER J. E. Howarp 

O. C. CROMWELL A. L. PeEnNm™AN, JR. 
A. W. Taytor 
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BIRMINGHAM 


Organized: 1915 

Territory: Radius of sixty miles from Birmingham, Ala. 

Place of Meeting: Auditorium of the Alabama Power Company 
Building 

Number of Members: 51 


EXECUTIVE CoMMITTEE 


J. A. Strnit, Chairman J. M. 
J. W. EsHetman, Vice-Chairman J. W. Orncutr 
R. A. Secretary-Treasurer 


BOSTON 


Organized: 1909 

Territory: Radius of thirty miles from Boston, Mass. 

Place of Meeting: Rooms of the Engineering Societies of Boston 
Local Organization: Engineering Societies of Boston 

Number of Members: 501 


EXEcuTIVE CoMMITTEE 


ASW: Benorr, Chairman E. L. Roor 
J. T. CrocHan, Vice-Chairman W. E. 
G. C. Eaton, Secretary-Treasurer W. F. Ryan 


BRIDGEPORT 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Fairfield County, Conn. 

Place of Meeting: University Club 

Number of Members: 107 


EXECUTIVE COMMITTEE 


H. E. Wetts, Chairman ARTHUR BREWER 
H. P. Harris, Vice-Chairman W. R. Cuark 

W. H. Snirren, Secretary A. H. Emery, Jr. 
C. N. Hoaauanp, Treasurer A. W. Hagan 

T. H. Bearp I. C. JENNINGS 
JuLIus BRENZINGER R. C. Moopy 


BUFFALO 


Organized: 1915 

Territory: Radius of thirty miles from Buffalo, N. Y. 
Place of Meeting: Hotel Statler 

Local Organization: Engineering Society of Buffalo 
Number of Members: 162 


EXECUTIVE COMMITTEE 


J. L. Yates, Chairman 

DusosciarpD, Acting Vice-Chairman 
W. A. Mitier, Secretary 

C. E. Harrineton, Treasurer 


C. Gate KIPLINGER 
J. AnTHUR FisH 
H. D. Munson 


CENTRAL PENNSYLVANIA 


Organized: 1921 

Territory: Radius of approximately sixty miles from State College, 
Pa. 

Place of Meeting: Pennsylvania State College, State College, Pa. 

Number of Members: 51 


ExEcuTIvE COMMITTEE 


F. E. Burrer, Chairman H. A. Everett 
C. E. ButuinGer, Secretary-Treasurer S. K. Horrman 
G. F. Exuiorr C. H. Kent 


CHARLOTTE 


Organized: As a Branch, 1923; as a Section, 1927 
Territory: Radius of sixty miles from Charlotte, N. C. 
Number of Members: 23 


EXEcuTIvE COMMITTEE 


J. H. SADLER 


W.S. Jr., Chairman 
Asa Hosmer, Ex-Officio 


H. M. McKegtvin, Vice-Chairman 
V. E. Secretary-Treasurer 
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CHATTANOOGA 


Organized: 1922 
Territory: Radius of sixty miles from Chattanooga, Tenn. 
Number of Members: 14 


Executive CoMMITTEE 


T. C. Ervin 
M. P. WaLL 


NEWELL SANpDERS, Chairman 
H. H. Batuey, Vice-Chairman 
F. Warp Secretary-Treasurer 


CHICAGO 


Organized: 1913 

Territory: Radius of fifty miles from Chicago, IIl. 

Headquarters: Mid-West A.S.M.E. Office, 205 West Wacker Drive, 
Chicago, IIl. 

Local Organization: Western Society of Engineers 

Number of Members: 639 


EXECUTIVE COMMITTEE 


R. D. Brizzouari, Chairman C. C. AUSTIN 
A. E. Grunert, Vice-Chairman C. B. Cote 

F. B. Orr, Secretary L. D. Gayton 
Diemer, Treasurer W. W. WINTERROWD 


CINCINNATI 


Organized: 1912 

Territory: Radius of thirty miles from Cincinnati, Ohio 

Place of Meeting: Engineers’ Club Rooms, Ninth & Race Sts. 
Local Organization: Engineers’ Club of Cincinnati 

Number of Members: 199 


EXECUTIVE COMMITTEE 


J.T. Fara, Chairman W. E. M. FietMan 
G. A. Vice-Chairman O. C. H1LMER 

C. A, JourGer, Secretary-Treasurer C. L. 

C. H. ANDERSON E. A. MULLER 

J. W. BunTING R. S. PARKER 

F. E. CarpULLO W. W. TANGEMAN 
F. S. Dewry H. C. 


CLEVELAND 


Organized: 1918 

Territory: Counties of Lorain, Cuyahoga Lake, Geauga, and Ashta- 
bula in Ohio 

Place of Meeting: Statler Hotel 

Local Organization: Cleveland Engineering Society 

Number of Members: 238 


EXxecuTIve COMMITTEE 


L. E. Jermy, Chairman 
A. J. Stock, Vice-Chairman 
H. M. Hammonp, Secretary 
FERDINAND JEHL, Treasurer 
E. H. 


Davip GAEHR 

H. A. MacKenzig 
McRea PARKER 
G. L. Tuve 


COLORADO 


Organized: 1919 

Territory: Entire State of Colorado 

Place of Meeting: Parisienne Rotisserie Inn, Denver, Colo. 

Local Organization: Colorado Engineering Council (Colorado 
Society of Engineers) 

Number of Members: 84 


EXECUTIVE COMMITTEE 


F. A. Lockwoop, Chairman ARTHUR HALLIWELL 
G. A. Ricursr, Secretary-Treasurer J. A. HUNTER 
L. D. Crain D. J. Neviuu 

F. H. Prouty 


COLUMBUS 


Organized: 1920 
Territory: Counties of Union, Delaware, Licking, Madison, Frank- 
lin, Fayette, Pickaway, and Ross in Ohio 


Place of Meeting: Batelle Memorial Institute and Ohio State 
University 

Local Organization: Engineers’ Club of Columbus 

Number of Members: 79 


EXEcUuTIVE COMMITTEE 


F. W. Marquis, Chairman 8S. R. Berr.er 
H. 8. Dickerson, Vice-Chairman T. H. Kerr 
E. M. Sampson, Secretary-Treasurer 


DAYTON 

Organized: 1926 

Territory: Counties of Drake, Miami, Champaign, Preble, Mont- 
gomery, Greene, and northern part of Butler and Warren in 
Ohio 

Place of Meeting: Engineers’ Club of Dayton 

Local Organization: Engineers’ Club of Dayton 

Number of Members: 73 


EXECUTIVE COMMITTEE 


J. Q. Sa.ispury, Chairman G. A. BuvINGER 
R. W. Martin, Vice-Chairman T. F. Rataiczax 
W. E. Buank, Secretary C. M. Ripscu 

B. E. Tate, Treasurer H. C. WEINLAND 


DETROIT 


Organized: 1916 

Territory: Radius of thirty miles from Detroit, Mich. 

Place of Meeting: Place varies 

Local Organization: Associated Technical Societies of Detroit 
Number of Members: 356 


EXECUTIVE COMMITTEE 


L. J. ScHRENK, Chairman L. T. Kno 

Saprn Crocker, Secretary-Treasurer | 

B. W. Breyer, Jr. R. W. Smita 

J. A. CLauss STEPHEN TIMOSHENKO 
C. L. EKSERGIAN P. H. Smirn, Ex-Officio 


ERIE 


Organized: 1917 

Territory: Radius of thirty miles from Erie, Pa. 

Place of Meeting: Auditorium of Pennsylvania Telephone Company 
Number of Members: 51 


EXECUTIVE COMMITTEE 


Chairman 
BreEwER, Vice-Chairman 
Vice-Chairman 


ase W. J. BRENNER, Secretary 
G. 8. 

H. O. Davipson, Vice-Chairman 

H. L. 

N. A. 


FrRaNK Dersy, Treasurer 
Georce Bacu 

H. E. Gorrz 

W. L. Hunter 

HerMan MUELLER 


KauFrMan, Vice-Chairman 
Newton, Vice-Chairman 
M. E. Smita 


FLORIDA 


Organized: 1925 

Territory: State of Florida 

Place of Meeting: Place varies 

Local Organization: Florida Engineering Society, Gainesville, Fla, 
Number of Members: 55 


EXECUTIVE COMMITTEE 


H. S. Rippie, Chairman CHARLES BEENSEN 


Burpett Loomis, Jr., 1st Vice-Chairman C. M. Lowry 
RoBErtT PeyineHaus, 2nd Vice-Chairman H. J. B. ScHARNBERG 
B. R. Van Secretary-Treasurer G. H. Sirs 
F. J. Howe, Student Chairman J. P. WARREN 


GREEN MOUNTAIN 


Organized: 1923 

Territory: Entire State of Vermont and neighboring and closely 
related communities of Claremont and Hanover, N. H. 

Place of Meeting: Springfield, Windsor, Vt., and Claremont, N. H. 

Local Organization: Vermont Engineering Society 

Number of Members: 37 
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EXECUTIVE COMMITTEE 


J. B. Jounson, Chairman C. J. DEWELL 


M. H. Arms, Secretary-Treasurer H. R. Finn 

C. H. Apams R. H. Hacken 
O. F. ANDERSON F. A. Joy 

C. 8S. Bracu H. J. Lockwoop 


F. E. CHEEVER E. L. SusporFF 


GREENVILLE 


Organized: Asa Branch, 1923; as a Section, 1927 

Territory: Radius of sixty miles from Greenville, 8. C. 

Place of Meeting: Meetings held at Greenville, Clemson College, 
C., Canton, Asheville, and Enka, N. C. 

Number of Members: 26 


EXECUTIVE COMMITTEE 


J. R. Chairman R. 
R. H. Cuapman, Vice-Chairman B. E. Fernow 
J. B. Mayo, Secretary-Treasurer R. B. FuLier 
C. D. BLACKWELDER W.H. Taytor 


R. C. TRAMMELL 


HARTFORD 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Hartford County except that portion served by Meriden 
and New Britain Sections 

Place of Meeting: Connecticut State Trade School 

Number of Members: 101 


EXECUTIVE COMMITTEE 


E. Fisu, Chairman W. C. BEEKLEY 
H. B. Van Zeit, Vice-Chairman E. P. Herrick 
E. S. Wotston, Secretary-Treasurer L. W. STEVENS 


HOUSTON 


Organized: 1919 

Territory: South Texas and the northern part of the State not 
included in the North Texas Section territory 

Place of Meeting: Electric Bldg., Houston, Tex. 

Number of Members: 112 


EXECUTIVE COMMITTEE 


J. H. DuBEenporr, Chairman G. G. HARRINGTON 
J. M. Rospertson, Vice-Chairman J. H. Pounp 

J. E. Montcomery, Secretary C. M. RosesruGH 
W. T. ALLIGER B. E. 

V. M. Fatres J. K. SwInrorpD 


E. R. BREAKER 


INDIANAPOLIS 


Organized: 1916 

Territory: Radius of eighty miles from Indianapolis, within Indiana 
Place of Meeting: Place varies 

Local Organization: Indiana Engineering Society 

Number of Members: 115 


EXECUTIVE COMMITTEE 


F. C. Hockrema 
Homer Ruparp 


D. B. PRENTICE, Chairman 
J. H. Maautre, Vice-Chairman 
J. C. Steaesmunp, Secretary-Treasurer 


INLAND EMPIRE 


Organized: 1921 

Territory: East of Columbia River in State of Washington, and 
Counties of Okanogan and Benton, and portion of Northern 
Idaho 

Place of Meeting: Davenport Hotel, Spokane 

Luncheon Meetings every Wednesday at 12:00 noon, Davenport 
Hotel, Spokane 

Local Organization: Associated Engineers of Spokane 

Number of Members: 21 


EXECUTIVE COMMITTEE 


D. R. Gray, Chairman H. F 
U. B. Hoven, Vice-Chairman , H. J. MacCamy 
C. I. CarpEntTER, Secretary-Treasurer L. J. Pospisit 


KANSAS CITY 


Organized: 1921 

Territory: Radius of sixty miles from Kansas City, Mo. 
Place of Meeting: Hotel President 

Local Organization: Engineers’ Club of Kansas City 
Number of Members: 89 


EXECUTIVE COMMITTEE 


E. L. McDona.p, Chairman W. G. CRAMER 

E. D. Hay, Vice-Chairman E. L. FenpRICKSON 
H. A. Smiru, Secretary F. J. 

P. A. Wuirtr, Treasurer C. KirkKwoop 
H. A. ATwWaTER J. A. WALTER 


KNOXVILLE 


Organized: 1923 

Territory: All the counties east of the west boundaries of the 
following, Morgan, Roane, Loudon, MeMinn, Scott, and 
Polk, Tenn., and Bell County, Ky. 

Place of Meeting: Andrew Johnson Hotel 

Number of Members: 39 


EXECUTIVE COMMITTEE 


E. W. Paumer, Chairman WALTER CARSON, JR. 
J. P. Ferris, Vice-Chairman WENDELL KENNEDY 
E. L. Carpenter, Secretary-Treasurer W. F. SEARLE, JR. 


LOS ANGELES 


Organized: 1915 

Territory: South of southern boundaries of following covzties, 
Monterey, Kings, Tulares, and Inyo, Calif. 

Place of Meeting: Place varies 

Local Organization: Technical Societies of Los Angeles 

Number of Members: 318 


EXECUTIVE COMMITTEE 


D. P. Vain, Chairman E. C. BARKsSTROM 
J. R. HorrmMan, Vice-Chairman D. E. Dickry 
S. M. Dunn, Secretary-Treasurer L. G. 


W. Roy SHerre. 


LOUISVILLE 


Organized: 1922 

Territory: Radius of thirty miles from Louisville, Ky. 

Place of Meeting: Engineers’ and Architects Club of Louisville 
Local Organization: Engineers’ and Architects Club 

Number of Members: 34 


EXECUTIVE COMMITTEE 


B. M. BriGMan 


. F. Hurst, Chairman 
Ss. V J. H. RomMann 


L. TANCE, Vice-Chairman 
H. H. Fenwick, Secretary-Treasurer 


MEMPHIS 


Organized: 1923 
Territory: Radius of sixty miles from Memphis, Tenn. 
Number of Members: 28 


EXECUTIVE COMMITTEE 


L. H. Huneate, Jr., Chairman T. H. ALLEN 

R. V. Downs, Vice-Chairman M. W. Rice 

J. J. Ryan, Secretary-Treasurer W. H. Roserts 
J. S. Rospinson 


MERIDEN 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Meriden, Middletown, Southington, Portland, Plants- 
ville, and Wallingford, Conn. 

Place of Meeting: State Trade School Auditorium 

Number of Members: 25 


CoMMITTEE 


Chairman 
Secretary-Treasurer 
ASHEN 
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METROPOLITAN 


Organized: 1910 

Territory: Metropolitan District, New York and New Jersey 
Place of Meeting: Engineering Societ:es Building, New York, N. Y. 
Number of Members: 3459 


EXECUTIVE COMMITTEE 


J. N. Lanpis, Chairman W. C. Grass 

R. B. Purpy, Secretary Joun HorrHine 

W. H. Armacost, T'reasurer T. E. Keatine 

W. W. CLINEDINST W. L. 

E. Crossy G. B. Pecram, Ex-Officio 


MID-CONTINENT 


Organized: 1919 

Territory: Entire States of Oklahoma and Arkansas, and a part 
of Louisiana. In Texas north of the southern boundaries of 
the counties of Gaines, Dawson, Bordon, Scurry, Fisher, Jones, 
and Shackelford 

Place of Meeting: 213 Midco Building, Tulsa, Okla. 

Number of Members: 148 


EXEcUTIVE COMMITTEE 


Ho P. Porter, Chairman 

J. M. McGreaor, Vice-Chairman 
J. F. Eaton, Secretary 

H. W. Mantey, Treasurer 


F. S. Kewry, Jr. 
V. L. MALEEV 
R. G. Pappock 


MILWAUKEE 
Organized: 1904 
Territory: Radius of fifty miles from Milwaukee, Wis. 
Place of Meeting: Milwaukee Athletic Club 
Local Organization: Engineers’ Society of Milwaukee 
Number of Members: 196 


EXECUTIVE COMMITTEE 


W. D. Buss, Chairman 
A. H. Luepicke, Secretary-Treasurer 
C. A. CAHILL 


Hans DAHLSTRAND 
F. H. DorNER 
ARTHUR SIMON 


MINNESOTA 

Organized: Minneapolis, 1913; St. Paul, 1913; merged the two 
Sections, 1934 

Territory: Entire State of Minnesota 

Place of Meeting: Minnesota Union 

Local Organization: Minneapolis Engineers’ Club, Minnesota 
Federation of Architectural and Engineering Societies 

Number of Members: 92 


EXECUTIVE COMMITTEE 


G. F. Enpicotr, Chairman P. J. FRAWLEY 
MELVIN OvestrRuD, Vice-Chairman R. E. 
L. A. Coss, Secretary-Treasurer C. A. Herrick 


H. O. WASHBURN 


NEBRASKA 


Organized: 1922 

Territory: State of Nebraska, and Council Bluffs, lowa 
Place of Meeting: Lincoln and Omaha 

Local Organization: Engineers’ Club of Lincoln and Omaha 
Number of Members: 32 


EXEcuUTIVE COMMITTEE 
W. L. DeBaurre, Chairman A. E. BuNTING 
R. B. Boats, Vice-Chairman C. F. Mouton 
A, A. Lugss, Secretary-Treasurer R. H. Park 

R. J. PROHASKA 


NEW BRITAIN 


Organized: 1921, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: New Britain, Plainville, Forestville, Bristol, Kensington, 
and Berlin, Conn, 

Place of Meeting: Auditorium of the State Trade School 

Number of Members: 35 
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EXECUTIVE COMMITTEE 


B. S. Lewis 

H. L. SpAUNBURG 
C. C. STEVENS 

W. CLeMENTs ZINCK 


R. \. Grise, Chairman 

P. W. Bauer, Vice-Chairman 
C. W. Lunp, Secretary-Treasurer 
R. H. BaRLow 


NEW HAVEN 


Organized: 1912; reorganized, 1923 

Territory: Portions of New Haven and Middlesex Counties, Conn. 
Place of Meeting: Mason Laboratory, Yale University 

Number of Members: 88 


EXECUTIVE COMMITTEE 


C. W. Taytor, Chairman 
H. R. Pouieys, Secretary-Treasurer 
A. L. BRECKENRIDGE 


P..H. ENGLISH 
G. E. Hutse 
J.C. MENzIEs 
M. J. Rapeckr 


NEW ORLEANS 


Organized: 1916 

Territory: All of Louisiana except the northern part allotted to 
Mid-Continent Section 

Place of Meeting: Room 422, St. Charles Hotel 

Local Organization: Louisiana Engineering Society 

Number of Members: 83 


EXECUTIVE COMMITTEE 


R. F. Muuuer, Chairman 
C. A. Benper, Jr., Secretary-Treasurer 
D. W. Stewart 


J. S. NETHERWOOD 
A. D. STANCLIFF 


NORTH TEXAS 


Organized: 1922 

Territory: Radius of one hundred and twenty-five miles from Dallas, 
in Texas 

Place of Meeting: University Club, Dallas, Texas 

Local Organization: Technical Club of Dallas 

Number of Members: 50 


EXECUTIVE COMMITTEE 


E. W. BurBANK, Chairman 
R. R. Crowpus, Secretary-Treasurer 
R. W. Howe 


NORWICH 


P. M. 
W. B. Gregory 


Organized: 1930 

Territory: Counties of Tolland, Windham, and New London in 
Connecticut, and Westerly District in Rhode Island 

Place of Meeting: Arcanum Club, 150 Main St., Norwich 

Number of Members: 30 


EXECUTIVE COMMITTEE 


Lovetock Houta, Chairman W. L. Eve. 
W. E. Beaney, Secretary-Treasurer F. S. 
C. E. BARBER C. W. PHELPs 
L. E. Wuiton 
ONTARIO 


Organized: 1917 

Territory: Province of Ontario, Canada 

Place of Meeting: Mining Building, University of Toronto 
Number of Members: 86 


EXEcuTIvVE COMMITTEE 


O. W. Exuis, Chairman F. H. ELanp 

F. G. East, Secretary-Treasurer S. L. Fear 

E. A. ALLCUT W. G. McIntTosH 
W.S. W. A. OsBoURNE 
C. H. McL. Burns W. A. RicHarps 


P. G. WELForD 


OREGON 


Organized: 1919 
Territory: State of Oregon and that territory in Washington within 
a radius of thirty miles from Portland, Ore. 
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Place of Meeting: University Club, Portland, Ore. 
Local Organization: Oregon Society of Engineers 
Number of Members: 52 


EXECUTIVE COMMITTEE 


W. H. Martin, Chairman S. 
J. E. Dyer, Secretary-Treasurer G. 
A. A. OSIPOVICH 


M. Lister 
F. McDovuGatu 


PENINSULA 


Organized: 1923 

Territory: West of the east boundaries of the following counties: 
Emmet, Charlevoix, Antrim, Kalkaska, Missaukee, Clare, 
Isabella, Gratiot, Clinton, Eaton, Calhoun, and Branch, Mich. 

Place of Meeting: Grand Rapids, Mich. 

Local Organization: Engineers’ Club of Grand Rapids 

Number of Members: 50 


EXECUTIVE COMMITTEE 


LeRoy L. Benspict, Chairman S. H. Downs 
B. A. Parks, Vice-Chairman C. H. GrInNELL 
F. H. Meyer, Secretary-Treasurer E. E. NorMan 


PHILADELPHIA 


Organized: 1912 

Territory: Counties of Bucks, Montgomery, Chester, Philadelphia, 
Delaware, Pa., and the State of Delaware 

Place cf Meeting: Philadelphia Engineers’ Club 

Local Organization: Philadelphia Engineers’ Club 

Number of Members: 771 


EXEcuTIvVE CoMMITTEE 


G. E. Croroot, Chairman E. R. GLENN 
W. F. Vice-Chairman C. C. Jongs 
J. P. Harseson, Secretary-Treasurer CoLEeMAN SELLERS, 3RD 


PITTSBURGH 


Organized: 1920 

Territory: Counties bounded by and including Beaver, Butler, 
Venango, Forest, Jefferson, Indiana, Somerset, Fayette, Greene, 
and Washington, Pa. 

Place of Meeting: Engineers’ Society of Western Pennsylvania, 
William Penn Hotel 

Local Organization: Engineers’ Society of Western Pennsylvania 

Number of Members: 365 


EXECUTIVE COMMITTEE 


L. E. Hanxison, Chairman 
K. F. Trescrow, Secretary-Treasurer 
R. B. AMBROSE 


Louis ELLMAN 
W. N. FLANAGAN 
R. J. S. Preorr 


PLAINFIELD 


Organized: 1921 

Territory: Plainfield and territory included between Elizabeth, 
Bound Brook, Metuchen, and Watchung, N. J. 

Place of Meeting: Elks Club, Elizabeth, Park Hotel, Plainfield 

Local Organization: Plainfield Engineers Club, Singer Engineering 
Society 

Number of Members: 217 


EXxEcuTIve CoMMITTEE 


D. V. Waters, Secretary 
J. P. Faser, Treasurer 


F. C. Spencer, Chairman 
RicHarp Kaiser, Vice-Chairman 
W. B. UppeGRaFF 


PROVIDENCE 


Organized: 1920 

Territory: Radius of thirty miles from Providence, R. I. 

Place of Meeting: Providence Engineering Society Bui'’ding, 195 
Angell St., Providence, R. I. 

Local Organization: Providence Engineering Society 

Number of Members: 134 


EXEcuTIvVE COMMITTEE 


A. C. Cuicx, Chairman F, A. CHIFFELLE 
Z. R. Buiss, Vice-Chairman C. F. MILtuer 
A. Witu1amM Meyer, Secretary-Treasurer S. A. VAULE 
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RALEIGH 


Organized: As a Branch, 1923; as a Section, 1927 

Territory: Radius of sixty miles from Raleigh, N. C. 

Place of Meeting: N.C. State College, Raleigh, N. C. 

Local Organization: N. C. Engineering Council, Raleigh Engineers 
Club 

Number of Members: 31 


CoMMITTEB 


R. P. Kos, Chairman R. D. ANTHONY 
R. S. Vice-Chairman B. B. Guy 
J. M. Foster, Acting Secretary-Treasurer 


ROCHESTER 


Organized: 1919 

Territory: Radius of thirty miles from Rochester, N. Y. 

Place of Meeting: Rochester Engineering Society Rooms, Sagamore 
Hotel 

Local Organization: Rochester Engineering Society, Sagamore Hotel 

Number of Members: 99 


EXEcuTIVE COMMITTEE 


A. E. ScHELL, Chairman J. F. ANCONA 
W. D. Vice-Chairman K. C. Castie, Jr. 
I. G. McCuesney, Secretary-Treasurer C. C. Ross 


O. V. SPRAGUE 


ROCK RIVER VALLEY 


Organized: 1926 

Territory: Radius of thirty miles from Rockford, II. 
Local Organization: Rockford Engineering Society 
Number of Members: 43 


CoMMITTEE 


A. C. Mattison 
Rosert Von Rotz 


F. P. Grurzner, Chairman 
M. B. Vice-Chairman 
Herman Secretary-Treasurer 


ST. JOSEPH VALLEY 


Organized: 1929 

Territory: Counties of La Porte, Starke, Pulaski, St. Joseph, 
Marshall, Fulton, Elkhart, and Kosciusko in Indiana, and 
Cass and Berrien Counties in Michigan 

Place of Meeting: Morningside Hotel, South Bend, Ind. 

Local Organization: St. Joseph Valley Engineers’ Club 

Number of Members: 35 


EXEcuTIvVE COMMITTEE 


C. R. Apams, Chairman C. C. Witcox, Vice-Chairman 
K. W. Knorr, Secretary-Treasurer 


ST. LOUIS 


Organized: 1909 

Territory: Radius of thirty miles from St. Louis, Mo. 
Place of Meeting: Place varies 

Local Organization: Engineers’ Club of St. Louis 
Number of Members: 213 


EXEcuTIVE COMMITTEE 


R. M. Boyrues, Chairman E. W. Davis 
G. L. SHanxks, Vice-Chairman J. R. Jackson 
E. H. Sacer, Secretary-Treasurer F. W. Rase 


SAN FRANCISCO 


Organized: 1910 
Territory: All territory north of the northern boundaries of the 
counties of San Luis Obispo, Kern, and San Bernardino 
Place of Meeting: Engineers’ Club, 206 Sansome St. 
— Meetings every Thursday at 12:15 Noon at the Engineers’ 
u 
Local Organization: San Francisco Engineers’ Club 
Number of Members: 337 
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EXEcuTIVE CoMMITTEE 


H. B. LANGILLE, Chairman W. M. Moopy 

F. W. Couurns, Vice-Chairman M. P. O’Brien 

R. L. GrurzmMacuer, Secretary-Treasurer H. J. Smita 

S. R. Dows LAWRENCE WASHINGTON 


SAVANNAH 


Organized: 1923 

Territory: Radius of 125 miles from Savannah in Georgia 

Place of Meeting: Savannah Hotel 

Local Organization: Engineers’ Council of Savannah Chamber of 
Commerce 

Number of Members: 15 


EXEcuTIVE COMMITTEE 
A. P. Kersker, Chairman 
Bruce Sams, Vice-Chairman 
T. R. Jones, Secretary 
FRANK Ex.ey, Treasurer 


W. H. ArtTLey 
D. E. Kenor 
A. M. Ormonp 


SCHENFCTADY 


Organized: Asa Branch, 1919; as a Section, 1927 
Territory: Radius of thirty miles from Schenectady, N. Y. 
Place of Meeting: Edison Club Hall 

Number of Members: 173 


EXECUTIVE COMMITTEE 


W. E. Jounson, Chairman 
J. E. ANDERSON, Secretary A. J. NeERAD 
B. O. Buckuanp, Treasurer E. L. 


SUSQUEHANNA 


Organized: 1927 

Territory: Counties of Cumberland, Dauphine, Lebanon, Adams, 
York, and Lancaster 

Place of Meeting: Engineering Society of York 

Local Organization: Engineering Society of York 

Number of Members: 67 


CoMMITTEE 


Water Knapp 
R. M. SpeENGLER 


Noyes, Chairman 
Jacos Fiscn, Vice-Chairman 
H. B. Martin, Secretary-Treasurer 


SYRACUSE 
Organized: 1920 
Territory: Radius of thirty miles from Syracuse, N. Y. 
Place of Meeting: Ball Room of the Onondaga Hotel 


Local Organization: The Technology Club of Syracuse 
Number of Members: 115 


EXEcUTIVE COMMITTEB 


K. H. Casxkry 
D. W. DrerenporF 
A. G. Forsse.u 


H. B. Craie, Chairman 
8S. T. Hart, Vice-Chairman 
E. K. Ruopgs, Secretary-Treasurer 
E. W. ZimMERMAN 


TOLEDO 


Organized: 1920 

Territory: Radius of thirty miles from Toledo, Ohio 

Place of Meeting: University Club, Toledo, Ohio 

Local Organization: Affiliated Technical Societies of Toledo 
Number of Members: 58 


EXEcuTIVE CoMMITTEE 


E. P. Raymonp, Chairman D. L. 
Henry Kerr, Vice-Chairman J. R. Moser 
C. W. Kirscu, Secretary-Treasurer C. B. ScHAFER 
R. M. Batcu D. M. Pautmer, Ex-Officio I. F. Zanopsky 


TRI-CITIES 


Organized: 1920 

Territory: Radius of thirty miles from Moline, Ill. 

Place of Meeting: Rock Island, Ill., Moline, Ill., and Davenport, 
Iowa 


Luncheon Meeting every Wednesday, Davenport Hotel, 12:00 Noon 
Number of Members: 62 


EXEcuTIve CoMMITTEE 


R. M. Barngs, Chairman J. M. Hartman 
G. T. SchorMakKer, Vice-Chairman W. P. Hunt 
C. A. Carson, Secretary-Treasurer J. H. 


UTAH 


Place of Meeting: University Club, Salt Lake City 
Local Organization: Utah Society of Engineers 
Number of Members: 26 


EXECUTIVE COMMITTEE 


Jutius 
H. D. Lanpgs 
F. W. McEntire 


E. W. Pace, Chairman 
W. J. Corr, Vice-Chairman 
M. B. Hoaan, Secretary-Treasurer 


UTICA 
Organized: 1920 
Territory: Radius of thirty miles from Utica, N. Y. 
Local Organization: Mohawk Valley Technical Club 
Number of Members: 26 


EXECUTIVE COMMITTEE 


E. G. Munson, Chairman Rex WITHERBEE, Secretary-Treasurer 


W. J. CLEMENT 


VIRGINIA 
Organized: 1919 
Territory: State of Virginia 
Place of Meeting: Richmond, Norfolk, Charlottesville, Roanoke, 
University, Petersburg 
Number of Members: 126 


EXECUTIVE COMMITTEE 


A. F. Macconocuig, Chairman A. F. Keane 

F. T. Morsg, Secretary E. F. Kroner 
H. C. Hesse, Treasurer E. W. M1ILtier 
F. F. Grosgec.ose J. B. Woopwarp E. J. F. Witson 


WASHINGTON, D. C. 
Organized: 1919 
Territory: District of Columbia 
Place of Meeting: Auditorium, Potomac Electric Power Co., 10th 
& E Sts., Washington, D. C. 
Number of Members: 162 


EXEcuTIve CoMMITTEE 


H. N. Eaton, Chairman J. G. ApaIr 
M. E. Vice-Chairman Tawson Pricz 
J. F. Fox, Secretary-Treasurer A. J. ScHWARTz 


M. X. WILBERDING 


WATERBURY 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Litchfield County and a portion of New Haven County 

Place of Meeting: Waterbury Club 

Number of Members: 72 


EXeEcuTIve CoMMITTEE 


M. J. Dempsey, Chairman 8. G. Bran 
A. L. Davis, Vice-Chairman E. J. Daty 
R. L. Pauatine, Secretary-Treasurer J. H. Roperts 
WEST VIRGINIA 
Organized: 1925 
Territory: State of West Virginia 
Place of Meeting: Charleston, W. Va. 
Number of Members: 61 
Executive CoMMITTEE 
E. L. Hupson, Chairman E. R. Hasicuar 
J. F. Mauuoy, Secretary-Treasurer AnpDREw 
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WESTERN MASSACHUSETTS 


Organized: 1922 
Territory: 
Hampshire 

Place of Meeting: 
Local Organization: 


Number of Members: 95 


EXECUTIVE COMMITTEE 


BIpWELL, Chairman 
Boswortu, Vice-Chairman 
CaRLTon, Secretary-Treasurer 


WESTERN WASHINGTON 


Organized: 1919 


Territory: State of Washington west of the Columbia River with 
the exception of the territory included in the thirty-mile radius of 


Portland, Ore. 
Place of Meeting: 
Local Organization: Seattle Engineers’ Club 
Number of Members: 77 


EXECUTIVE COMMITTEE 


F. B. Leg, Chairman 
R. E. Jonnson, Vice-Chairman 
R. L. Dyer, Secretary-Treasurer 
G. S. WILson 


Name and Location 
Akron, Univ. of, Akron, Ohio 
Alabama Polytechnic Inst., Auburn, Ala. 
Alabama, Univ. of, University, Ala.! 
Arkansas, Univ. of, Fayetteville, Ark. 
Armour Inst. of Technology, Chicago, III. 
Brocklyn, Polytechnic Inst. of, Brooklyn, N. Y. 
Brown Univ., Providence, R. I. 
Bucknell Univ., Lewisburg, Pa. 
California Inst. of Technology, Pasadena, Calif. 
California, Univ. of, Berkeley, Calif. 
Carnegie Inst. of Technology, Pittsburgh, Pa. 
Case School of Applied Science, Cleveland, Ohio 
Catholic Univ of America, Washington, D. C. 
Cincinnati, Univ. of, Cincinnati, Ohio’ 
Clarkson Co!lege of Technology, Potsdam, N. Y. 


Clemson Agricultural College, Clemson College, S. C. 


Colorado Agricultural College, Fort Collins, Colo. 
Colorado, Univ. of, Boulder, Colo. 

Columbia Univ., New York, N. Y. 

Cooper Union, New York, N. Y. 

Cornell Univ., Ithaca, N. Y. 

Delaware, Univ. of, Newark, Del. 

Detroit, Univ. of, Detroit, Mich. 

Drexel Inst., Philadelphia, Pa. 

Florida, Univ. of, Gainesville, Fla. 

George Washington Univ., Washington, D. C. 
Georgia School of Technology, Atlanta, Ga. 
Idaho, Univ. of, Moscow, Idaho 

Illinois, Univ. of, Urbana, II. 

Iowa State College, Ames, Iowa 

Iowa, State Univ. of, lowa City, lowa 

Johns Hopkins Univ., Baltimore, Md. 


Kansas State Agricultural College, Manhattan, Kan. 


Kansas, Univ. of, Lawrence, Kan. 
Kentucky, Univ. of, Lexington, Ky. 
Lafayette College, Easton, Pa. 

Lehigh Univ., Bethlehem, Pa. 

Lewis Inst., Chicago, Ill. 

Louisiana State Univ., Baton Rouge, La. 
Louisville, Univ. of, Louisville, Ky. 
Lowell Textile Inst., Lowell, Mass. 


CF. 
W. A. 
R.E 


Includes counties of Berkshire, Franklin, Hampden, and 


Highland Hotel, Springfield, Mass. 
Engineering Society of Western Massachusetts 


C. E. MayNnarp 
E. SMITH 
G. R. WHOLEAN 


Engineers’ Club, Arctic Bldg., Seattle, Wash. 


. MANN 
McKenzie 
. WALTER 


Organized: 


Place of Meeting: 
Local Organization: 
Number of Members: 


WORCESTER 


1915 

Territory: Radius of thirty miles from Worcester, Mass. 

Rooms of the Worcester Engineering Society 
Worcester Engineering Society 
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EXEcuTIVE COMMITTEE 


KENDALL, Chairman 


H.C. 
S.N. 
H. W. H. Bera 
A. W. Bu 


Organized: 


McCasuin, Secretary-Treasurer 


LACKBURN 


YOUNGSTOWN 


1928 
Territory: Counties of Trumbull, Mahoning, and Columbiana in 


Rosert ERICKSON 
V. C. Kine 

T. L. F. Larsson 
K. C. Monroe 

F. W. Roys 


Ohio, and Mercer and Lawrence in Pennsylvania 


Place of Meeting: 


Number of Members: 67 


Central Y. M. C. A., Youngstown, Ohio 


EXECUTIVE COMMITTEE 


E. M. Ricwarps, Chairman 


E. E. KenpDALL 


Student Branches 


(Personnel of Standing Committee on Relations With Colleges, page 5. Communicate with Student Branch through Honorary Chairman) 


Year 
Authorized 


1924 
1920 
1931 
1910 
1909 
1909 
1923 
1916 
1914 
1912 
1913 
1913 
1922 
1909 
1930 
1921 
1914 
1914 
1909 
1920 
1908 
1929 
1930 


Chairman 


WILuiAM LEAVENWORTH 
F. R. Batu, Jr. 

L. E. Morrison 

J. W. CARTINHOUR 
J. H. DeEBoo 
DonaLtp McCormick 
R. S. SHaw 

J. D. Morris 

ALLEN Ray 
CHARLES HARBAND 
W. H. Starrorp 

R. A. TABoRSKY 

C. J. Dvorak 
GerorGE GENTRY 

S. O. CARPENTER 

H. A. PLowpEN 
Car. RITTER 

W. T. Luckine 
WILLIAM GEOGHEGAN 
N. M. STEFANO 

H. A. Mason 
EuGENE MapEy 

W. B. OAKLEY 

J. W. Rerip 

Frep Howe 

E. J. THomas 

M. G. KEISER 


W. A. JoHNSON 
D. E. PritzENMAIER 
WILLIAM BusBy 
T. H. MarsHALL 
T. G. Beckwitu 
D. C. 
STanForD NEAL 
G. L. WILuIAMs 
G. A. Dornin, Jr. 
MACKIE 
I. J. KinKMAN 

V. E. Furnas, Jr. 
E. H. FarrBanks 


1 Aeronautic Division, E. Bonrracs, Chairman, J. SMoue, Secretary 


2? FREDERICK Woopwarb, Corresponding Secretary 


3 Section 2, Harry Paine, Chairman, R. J. THompson, Secretary 


4 Bayarp Quinn, Corresponding Secretary 


S. M. Apams, Secretary-Treasurer 
Gorpon ARMSTRONG 


R. M. Smite 


Secretary 


WAGNER 

D. O. Nicuo.s, Jr. 
HERMAN SCHWABE 
R. H. Buoop 

F. J. MEYER 

J. R. Buizarp 

R. F. Hopkins 

G. F. ZIMMERMAN 
RosBertT HALLANGER 
W. L. Ropman? 
WALTER APPLEGATE 
R. M. SKIDMORE 
R. J. GREEN 

A. P. McArtTHuR 
E. I. Bricker 

J. B. Cox, Jr. 
JoHN SuDDUTH 

W. B. Swan 

M. A. SHRIRO 

M. YEsowiTz 

J.S. 

D. W. SELBY 
Karu SANTTI 

A. E. Juram‘* 

E. W. McKniaut 
C. H. Swanson 

L. J. Drum 


C. W. BrissENDEN 
W. J. SCHLAGEL 

D. E. NELson 

J. R. Curtis, Jr. 

R. E. TORKELSON 
R. G. WARREN 
ELIzABETH WARREN 
M. E. AcKERLY 

R. M. Ercunor 
Davip REDMAN 
Luxe Hapnot 

K. W. Scorr 

J. RayMonp KaAIsEeR 


CorNEL KMENTT 
M. H. MawHINNEY 
H. OvEsEN 

F. R. ScHAEFER 


Honorary Chairman 
F. S. GrirFin 
C. R. Hixon 
J. M. GALLALEE 
R. G. Pappock 
DaNIEL Rogescu 
GerRADO IMMEDIATO 
J. A. Haut 
G. M. KunKEL 
Howarp CLapp 
N. F. Warp 
S. B. 
E. 8. AULT 
M. E. WEescHLER 
C. A. JoERGER 
J. H. Davis 
B. E Fernow 
JosEpH PINSKY 
G. 8S. DosBIns 
J. R. Hicks 
H. F. RoeEMMELE 
F. O. ELLENwoop 
W. Francis LInDELL 
H. E. Mayrose 
Dawson DowELL 
B. R. Van LEER 

C. CRUICKSHANKS 
C. 
E. Gauss 
H. CasBERG 

P. BAaILey 
M. BaRNES 
. G. CHRISTIE 


M. Merrick, 3Rp 
A. W. Luce 

J.S. Kozacka 
HAMILTON JOHNSON 

R. 8S. Trosrper 


H. J. Bau 
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Student Branches (continued) 


Name and Location 


Maine, Univ. of, Orono, Maine 
Marquette Univ., Milwaukee, Wis. 


Massachusetts Inst. of Technology, Cambridge, 


Mass. 


Michigan College of Mining and Technology, 


Houghton, Mich. 
Michigan State College, East Lansing, Mich. 
Michigan, Univ. of, Ann Arbor, Mich. 
Minnesota, Univ. of, Minneapolis, Minn. 
Mississippi State College, State College, Miss. 


Missouri School of Mines and Metallurgy, Rolla, Mo. 


Missouri, Univ. of, Columbia, Mo. 

Montana State College, Bozeman, Mont. 
Nebraska, Univ. of, Lincoln, Neb. 

Nevada, Univ. of, Reno, Nev. 

Newark College of Engineering, Newark, N. J. 
New Hampshire, Univ. of, Durham, N. H. 

New York, College of the City of, New York, N. Y. 
New York Univ., New York, N. Y.5 


New York Univ., Evening Division, New York, 
N. Y. 

North Carolina State College, Raleigh, N. C. 

North Carolina, Univ. of, Chapel Hill, N. C. 

North Dakota Agricultural College, Fargo, N. D. 

North Dakota, Univ. of, Grand Forks, N. D 

Northeastern Univ., Boston, Mass. 


Notre Dame, Univ. of, Notre Dame, Ind. 
Ohio Northern Univ., Ada, Ohio 

Ohio State Univ., Columbus, Ohio 

Oklahoma A. & M. College, Stillwater, Okla. 
Oklahoma, Univ. of, Norman, Okla. 

Oregon State Agricultural College, Corvallis, Ore. 
Pennsylvania State College, State College, Pa. 
Pennsylvania, Univ. of, Philadelphia, Pa. 
Pittsburgh, Univ. of, Pittsburgh, Pa. 

Porto Rico, Univ. of, Mayaguez, P. R. 

Pratt Inst., Brooklyn, N. Y. 

Princeton Univ., Princeton, N. J. 

Purdue Univ., Lafayette, Ind. 

Rensselaer Polytechnic Inst., Troy, N. Y. 
Rhode Island State College, Kingston, R. I. 
Rice Inst., Houston, Tex. 

Rose Polytechnic Inst., Terre Haute, Ind. 
Rutgers Univ., New Brunswick, N. J. 

Santa Clara, Univ. of, Santa Clara, Calif. 
Southern California, Univ. of, Los Angeles, Calif. 
Southern Methodist Univ., Dallas, Tex. 
Stanford Univ., Stanford University, Calif. 
Stevens Inst. of Technology, Hoboken, N. J. 
Swarthmore College, Swarthmore, Pa. 
Syracuse Univ., Syracuse, N. Y. 

Tennessee, Univ. of, Knoxville, Tenn. 

Texas, A. & M. College of, College Station, Tex. 
Texas Technological College, Lubbock, Tex. 
Texas, Univ. of, Austin, Tex. 

Toronto, Univ. of, Toronto, Ont., Can. 

Tufts College, Tufts College, Mass. 

Tulane Univ. of Louisiana, New Orleans, La. 


U. S. Naval Academy, Post Graduate School, 


Annapolis, Md. 
Utah, Univ. of, Salt Lake City, Utah 
Vanderbilt Univ., Nashville, Tenn. 
Vermont, Univ. of, Burlington, Vt. 
Villanova College, Villanova, Pa. 
Virginia Polytechnic Inst., Blacksburg, Va. 
Virginia, Univ. of, University, Va. 
Washington, State College of, Pullman, Wash. 
Washington Univ., St. Louis, Mo. 
Washington, Univ. of, Seattle, Wash. 
West Virginia, Univ. of, Morgantown, W. Va. 
Wisconsin, Univ. of, Madison, Wis. 
Worcester Polytechnic Inst., Worcester, Mass. 
Wyoming, Univ. of, Laramie, Wyo. 
Yale Univ., New Haven, Conn. 


Year 
Authorized Chairman 
1910 T. Favor 
1923 J. W. KRUEGER 
1909 P. P. JoHNSTON 
1930 H.C. Cuskie 
1917 DeKoninG 
1914 J. F. Scumipr 
1913. E. S. Howarp 
1926 W. W. Denton, Jr. 
1930 GrorGe NoLpE 
1909 B. Morris BAKER 
1920 Wayne LINTHACUM 
1909 H. E. Stmonson 
1923. LAWRENCE KEARNEY 
1924 B. B. 
1926 JosepH VANDERHOEFF 
1922 BerRNARD MAasLtow 
1917 BaRTHOLOMEW 
ANTONUCCI 
1933. E. A. HorRNER 
1920 J. L. SuMMERs 
1929 CaLpER ATKINSON 
1929 Ernest 
1923 C. F. MacKean 
1922 M.C. Bennett (Div. A) 
C. Vacuert (Div. B) 
1929 DouGHER 
1922 STANLEY SCHEAR 
1911 H. E. 
1921 Louis SumprerR 
1917 A. C. Frampton 
1909 Ross Rosperts 
1909 R. Lee HoMsHER 
1925 O. E. JANSSON 
1917 JosepH SCHMIELER 
1923. RAFAEL PUMARADA 
1923 Joun Hansy 
1926 IrvinG WARNER, JR. 
1909 J. E. Pearson 
1910 D. M. Rickey 
1930 RayMonp PEARSON 
1925 R.H. Nouitey 
1926 
1920 L. A. BENTON 
1925 J. W. ConLey 
1929 OrRrIN BRoBERG 
1933. N. BLANKENSHIP 
1909 J. W. 
1908 W.H. Mo.rnari 
1921 
1912 H. CartyLte DuGan 
1923 R.S. Ropinson 
1921 Karu WHITE 
1930 TRruMAN GREEN 
1921 Marvin WILLIAMS 
1933 L. P. BAKER 
1917 Mark GorepEcKE 
1933 J. T. Barrow 
1925 
1923 F.C. ALLEN 
1928 B. M. Bayer 
1922 J. M. Lipsy 
1925 M. A. DonNELLY 
1915 A. N. Bovine 
1923. C. T. Montgomery 
1920 Don APPEL 
1911 ARNOLD SCHAINKER 
1917 CLARENCE GERBER 
1922 J. F. MILuan 
1909 Harotp MITTELSTAEDT 
1914 E. J. ABENDSCHEIN 
1925 BAKER 
1910 J. F. G. 


Aeronautic Division, Sipyey FREEDMAN, Chairman, Irvine Secretary 


Secretary 


R. L. Perkins, Jr. 
JosepH KropKa 


H. B. 


R. J. CosGrRove 
H. G. ENGuIisH 
L. V. CoLwEe.u 
M. L. 

S. L. Foster, Jr. 
Rupo.eH KNOLL 
K. W. MILLER 
G. B. 

E. R. DExTER 
JAMES CRAWFORD 
A. B. Sweet 

H. H. 
MILTON DorMOoNT 


M. E. MunDEL 


H. W. Koster 

W. F. Moopy, Jr. 
J. D. MaYNaRD 
CHARLES MARTIN 
J. H. REINER?PSON 
A. W. Dup.ey (Div. A) 
R. L. ALLEN (Div. B) 
CrYsTAL 
CHARLES 
J. A. Lucas 
SANFORD KROEHER 
James MILLs 

R. H. Epson 

F. H. Lieut 

C. M. Horrner 

R. P. Haase 

E. H. Ruiz 

E. C. Smita 
RosBerT CHEESMAN 
P. F. Litty 

W. W. MAnvILLe 
Fritz SATTLER 

B. R. Ramey 


Jack SPACHNER 
E. E. Potomrx 

C. H. Couns 

J. F. ScHENEWERK 
K. C. Burcu 

A. E. Burrer 


H. F. Howe 
VirGiIL CoNDRON 
H. M. Lone 

HARDGRAVE 
E. H. Moss 

M. WILLER 

F. Rost. Hartin 
D. W. B. 


T. R. Mackay 
FRANK PITTMAN 

W. H. Connor 

G. O. Hazzarp 

B. W. BisHop e 
R. C. Carrick 
Lovts 

L. Gross 

SHOLTO SALMON 

R. B. 
MEADE 

F. M. ANGEVINE 
MESsSERSMITH 
Nett MAcNEALB, JR. 
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Honorary Chairman 
I. H. PRAGEMAN 
J. E. ScHoEN 


James Hout 


H. W. RIsteEN 
W. E. 

O. W. Boston 

J. J. 

O..D. M. VaRNADO 
R. O. JAcKson 

J. R. WHARTON 
Eric THERKELSEN 
W. F. WEILAND 

F. H. Srptey 

R. B. Rice 

T. J. Laton 
FREDERICK KUHLE 


A. C. COONRADT 


A. C. CoonraptT 

L. L. VAUGHAN 

CoLtn CARMICHAEL 

R. M. Dotve 

A. J. DiaKorr 

J. W. Zevuer (Divs. A 
and B) 


UIs STEFANI 
. W. Hunter 
RauM 
HocKEMA 
FITZGERALD 
. BILLMYER 

. Burr 
. GRAY 
. HOLLAND 
SULLIVAN 
. DuNCAN 

. SLAYMAKER 
RENCE WASHINGTON 
. DEIMEL 

. BouRDELAIS 
ACHESON 
. WILKINSON 
. TRAIL 
HARDGRAVE 
M. L. BEGEMAN 
R. W. AnGus 
E. E. Leavitt 
W. B. Grecory 
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P. J. Krerer 


. L. SussDORFF 
. MOREHOUSE 
. GROSECLOSE 
. Morse 

. LANGDON 

. SAGER 

. G. EpMonps 
. Hayes 

. 
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Special Research Committees 
(Personnel of Standing Committees, p. 6) 


LUBRICATION 


Appointed October, 1915, to investigate the fundamental problems of 
lubrication, to formulate results of investigations previously 
made, and to keep in touch with contemporary research 
in this field 

(The Committee is now being reorganized. In December, 1934, 
the Standing Committee on Research appointed a special committee 
to formulate a statement of the lubrication problem in its broad, 
present-day aspects and to recommend a program of research under 
the auspices of the A.S.M.E. The personnel of this special com- 
mittee is as follows: N. E. Funx, Chairman, D. B. Butuarp, M. D. 
Hersey, G. B. Kareuirz, A. L. Kinasspury, and W. F. Parisu.) 


FLUID METERS 


Appointed 1916, to develop the theory of fluid meters of all kinds and to 
report on the best methods for their installation and use 


(Reorganized July, 1929) 


8. Picorr, Chairman 
. R. Caruton, Secretary 


Louis Gress 

T. H. Kerr 
W.S. Parpor 

E. S. Smita, Jr. 
R. E. SpRENKLE 
E. C. M. STaHL 
T. R. 


THERMAL PROPERTIES OF STEAM 


Appointed in December, 1921, to direct research on the thermal properties 
of water-vapor and steam from 0 C to the upper limits of 
temperature and pressure 
(Reorganized April, 1929) 

BBOTT, Vice-Chairman 


E. L. Rosinson 


STRENGTH OF GEAR TEETH 


Appointed in December, 1921. Is investigating factors affecting the 
strength and life of gear teeth 


A. M. GREENE, JR. 
C. W. Ham 

F. E. McMvuLien 
E. W. 


. E. FLAnpERS, Chairman 
C. H. Loeur, Secretary 
C. G. Barto 
EARLE BUCKINGHAM 
ERNEST WILDHABER 


CUTTING OF METALS 


Appointed in September, 1923. Is studying the problems of metal 
cutting, including tool materials, tool design, lubrication, 
cooling, and speeds and feeds 
Kine HaTHaway 

L. P. ALFoRD 
C. J. Oxrorp 
R. D. Prosser 


CoLEMAN SELLERS, 3RD, Chairman 
L. N. Guuick, Secretary 
A. L. DeLEEuw 


ELEVATOR SAFETIES 


Appoinied June, 1924, as a sibcommittee of the Sectional Committee on 
Safety Code for Elevators, to study the function and operation 
of elevator safeties and buffers and their associated 
mechanisms and to develop methods of test for 
the approval of elevator safety devices 
M. G. Lioyp 
J. J. Matson 
M. B. 
W.S. 
S. F. VoorHees 


M. H. CuristoPpHERSON, Chairman 
O. P. Cummines, Vice-Chairman 

J. A. Dickinson, Secretary 
Bassett JONES 

D. L. Linpquist 


MECHANICAL SPRINGS 


Appointed December, 1923, to determine the status of the mechanical- 
spring art, to promote and conduct necessary and adequate 
research, and to develop the art to the point of 
standardization 


. TOWNSEND, Chairman 
. EpGerton, Secretary 


A. N. LUKENS 
D. 

. BARBA 
J. 
J. 
B. 


J. McApam, Jr. 

E. PETERSON 

B. 

W. Jr. 
W. Sr. 

M. F. Sayre 

Keita WILLIAMS 

J. Kaye Woop 

F. P. ZimMERLI 

O. B. ZimMeRMAN 


. BROMBACHER 


Rupen EKSERGIAN 
G. E. Hansen 
BENJAMIN LIEBOVITZ 
Davin Lorts 
(R. D. Brizzouara, Alternate) 


EFFECT OF TEMPERATURE ON THE PROPERTIES OF 
METALS 


Appointed December, 1924, as a joint research committee of the A.S.T.M. 
and the A.S.M.E. to encourage the investigation and accumulation 
of data on the properties of metals used in the mechanic arts 
at extremely high and low temperatures 


H. J. Kerr 

C. L. Kinney, Jr. 
H. W. Maackx 

C. E. MacQuiaa@ 
J, A. MaTHEWS 
P. E. McKinney 
E. L. Rospinson 


. J. Frencu, Chairman 
. L. Mocuet, Secretary 
. D. BatLey 

. A. BULL 

. 8S. Drxon 

. W. GILLETT 

OUIS JORDAN 
A. E. 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, as a Joint Research Committee of the American 
Boiler Manufacturers Association, American Railway Engineering 
Association, American Water Works Association, Edison 
Electric Institute, the American Society for Testing 
Materials, and the A.S.M.E., to study methods of 
analysis and treatment of boiler feedwater for 
stationary and railroad practice 

R. 

L. PENNIMAN, JR. 
B. 

E. 

W. Rice 

N. SPELLER 

URT TOENSFELDT 

. E. Waite 

. D. Yopvrer 


. ABBOTT 

APPLEBAUM 
. BAILEY 

. CHRISTIE 


> 


— 


. HItRSHFELD 


CONDENSER TUBES 


Appointed May, 1925, to investigate and report on the causes of failure 
of tubes used in steam condensers and similar heat interchange 
apparatus 


C. F. 

H. W. Lerrcu 

E. F. 

W. B. Price 

H. A. STAPLES 

W. R. WesBsTER 

_F. RosBerT WORTHINGTON 

. M. . REPRESENTATIVE OF BuREAU 


A. E. Wuite, Chairman 
Bert Hoveaton, Vice-Chairman 


or ENGINEERING, U. S. Navy 


Harwoop DEPARTMENT 


WORM GEARS 


Appointed May, 1927, to investigate certain problems in connection 
with the action of worm gear drives and to recommend 
improvements in their design, manufacture, and use 


A. A. Ross 

B. F. WATERMAN 

REPRESENTATIVE OF BUREAU 
or ENGINEERING, U.S. Navy 
DEPARTMENT 


ARLE BuCKINGHAM, Chairman 
. H. ACKER 

. R. BuCKENDALE 

. H. Himes 

. L. Linpquist 
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BOILER FURNACE REFRACTORIES 


Appointed June, 1925, to determine the principal factors governing the 
failure of refractories in various types of installations, to subject 
these factors to detailed experimental analysis, to undertake 
the formulation of suitability tests and, if necessary, 
to attempt to develop a suitable refractory to 
meet the needs of severe service 


W. A. Carter, Chairman N. E. Lewis 
S. H. J.S. McDoweE.L. 
G. A. Bote (F. A. Harvey, Alternate) 
M. C. Booze S. J. McDowELL 
W. H. FutweiLer Percy NICHOLLS 
C. B. Grapy S. M. PHetps 
R. A. E. B. 
C. F. HirsHreip R. A. SHERMAN 
O. P. Hoop R. B. SosMAn 
R. K. Hursu L. J. 
G. B. WILKEs 


VELOCITY MEASUREMENT OF FLUID FLOW 
Appointed November, 1927, to sponsor the development of an absolute 
method for determining the velocity of the flow of fluids by 
means of the location of nodal points in wave systems 


W. F. Durann, Chairman T. R. WeymMouTH 


MEASURES OF MANAGEMENT 


Appointed March, 1928, to attempt the reconciliation of certain economic 
laws affecting production, to develop formulas for management, 
and to collect and report information on management research 


T. H. Brown 
R. C. Davis 
G. E. HaAaGEMANN 


W. E. FREELAND, Chairman 
F. E. Raymonp, Secretary 
J. H. BARBER 


ABSORPTION OF RADIANT HEAT IN BOILER FURNACES 


Appointed April, 1928, to make a study of the absorption of radiant 
heat in boiler furnaces with the purpose of developing 
recommendations on improved furnace design 


W. J. WoHLENBERG, Chairman E, L. Linpsetu 


E. G. BaILey G. A. Orrok 
R. M. Gates R. J. 8S. Picorr 
C. W. Gorpon JoHn Van BRUNT 


STRENGTH OF VESSELS UNDER EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable design data on the strength 
of cylindrical and spherical surfaces under external pressure, 
particularly with reference to jacketed vessels 


W. D. Hausey, Chairman 
A. J. 

F. V. HARTMAN 

T. McL. Jasper 

A. W. Limont, Jr. 

Cart RiGpon 


H. E. SAUNDERS 
E. E. SHANOR 
J. H. Taytor 
(F.S.G. WrturaMs, Alternate) 
D. B. WesstTROoM 
D. F. WINDENBURG 


WIRE ROPE 


Authorized in October, 1928, to study the factors affecting the life of 
wire rope so that it may be better understood and more 


effectively used 
W. H. Futweiter, Chairman A. H. 
W. M. Bacer B. V. E. NorpBera, Jr. 
H. LeR. Brink W.S. 
D. L. Linpauist W. J. Ryan 
G. W. Martin GrorGE SIMPSON 
C. A. McCune L. E. Youne 


HEAVY DUTY ANTI-FRICTION BEARINGS 


Appointed March, 1929, to investigate the possibilities and limitations 
of anti-friction bearings when applied to roll necks of rolling 
mills 


W. Trinks, Chairman G. C. FARKELL 
H. E. BRuNNER H. H. Tatsor 
W. R. S. M. WecksTEeIn 


H. A. WINNE 
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REMOVAL OF ASH AS MOLTEN SLAG FROM 
POWDERED-COAL FURNACES 


Appointed March, 1929, to investigate the adding of flures as a means 
of increasing the fluidity of slag in boiler furnaces and thus 
permit its removal at operating furnace temperatures 
K. M. Irwin, Chairman 
ANDREW CARNEGIE 

T. G. CoGHLAN 
H. M. CusHine 


C. F. HirsHretp 
Percy NICHOLLS 
E. B. 
P. B. Rice 


AUTOMATIC OIL PIPE LINE PUMPING STATIONS 


Authorized March, 1930, to develop methods of automatic control for 
oil pipe line pumping stations 

W. G. HELTzeEL, Chairman J. M. McGrecor 

J. N. Hunter, Vice-Chairman J. B. McManon 


T. D. Wituiamson, Secretary R. L. MippLeton 
W.S. Baucu O. L. OLSEN 

W. C. DreYEerR PARKERSON 
W. H. Exuior W. R. Reep 

J. B. Forp F. A. STIVERS 

L. T. Gress W. H. Stugeve 

F. A. GRAHAM Frep THILENIUS 

C. F. Guinn J. B. THomas 

A. N. Horne F. E. WARTERFIELD 


J. K. McGouprick Oscar 


PRIME MOVERS FOR ROTARY DRILLING OF OIL WELLS 
Appointed June, 1930, to investigate existing types of prime movers 
used for rotary drilling of oil wells as to their relative 
efficiencies, costs of operation, and general satisfaction 
D. L. Trax, Chairman W. H. Carson 


RAYMOND CARR R. R. Hawkins 
H. W. 


CRITICAL PRESSURE STEAM BOILERS 


Appointed June, 1931, to study the characteristics of high-pressure 
forced-circulation steam-generating units 


A. A. Porter, Chairman A. M. Houser 
A. D. Battery H. J. Kerr 

E. G. BatLey G. A. Orrok 

A. G. H. L. Sotspere 
F, 8S. CLark P. W. THompson 


SAMPLING PULVERIZED FUEL IN A MOVING GAS STREAM 


Appointed November, 1932, to investigate the present methods of sam- 
pling pulverized fuel and to evolve a generally satisfactory method 
that may be adopted as a standard 


K. M. Irwin, Chairman 
F. M. Grsson, Secretary 
JoHN BLIzarRD 

OLLISON CRAIG 

M. D. Enate 


J. C. Harpige 

H. J. Kiorz 
Henry KREISINGER 
J. W. McKenzie 
W. S. Morrison 


C. 8. GLADDEN G. B. RANDALL 
A. E. GruNERT R. C. Ror 
R. M. HarpGROvVE E. H. Tenney 


COTTON SEED PROCESSING 


Appointed December, 1932, to study the mechanical problems involved 
in storing, conditioning, and cooking cotton seed meats 


W. R. Wootricu, Chairman W. D. Epwarps 
Homer BARNES C. E. GARNER 
E. L. CARPENTER B. J. Sams 


A.S.M.E. Representatives on Other Research Committees 
See also A.S.M.E. Representatives on Other Activities, page 29 
CORROSION COMMITTEE 
American Society of Refrigerating Engineers 
A. D. 
HIGHWAY RESEARCH 


Advisory Board of National Research Council 
J. G. Beraquist 
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NON-FERROUS METALS AND ALLOYS 


Advisory to the National Bureau of Standards’ Committee 
C. H. BrerBaum 


PROPERTIES OF REFRACTORY MATERIALS 


Advisory to the National Bureau of Standards’ Committees 
E. B. 


NATIONAL COMMITTEE ON WOOD UTILIZATION 


Department of Commerce, National Bureau of Standards 
A. E. 


FATIGUE PHENOMENA OF METALS 


American Society for Testing Materials 
W. R. WEBSTER 


Standardization Technical Committees 


(Personnel of Standing Committee, p. 6) 


SHAFTING 
*Sole sponsorship. Organized October, 1918 
A.S.M.E Members (Total personnel, 17) 
tC. M. Cuapman, Chairman H. C. E. Meyer 


tA. A. ADLER L. C. Morrow 

+A. H. Beyer C. W. Spicer 

tJ. E. BusHNELL tG. N. VanDeRHOEF 
E. E. Greve tL. W. 


BALL AND ROLLER BEARINGS 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized December, 1920 


A.S.M.E. Members (Total personnel, 18) 


+W. P. Kennepy, Vice-Chairman F. G. Huecues 
TG. R. Borr 7G. E. Hutse 
H. E. BRUNNER TW. L. Inirr 
F. H. BuHLMANN L. F. NENNINGER 
L. A. CuMMINGS tA. E. Norton 


GEARS 


*Joint sponsorship with the American Gear Manufacturers Association. 
Sectional Committee organized June, 1921 


A.S.M.E. Members (Total personnel, 33) 


D. T. HAMILTON 
tAueust HorrMan 

O. A. LEUTWILER 

G. L. MARKLAND, Jr. 

H. E. VEHSLAGE 


B. F. WaTEeERMAN, Chairman 
BucxincuaM, Vice-Chairman 

G. H. AcKER 

L. H. Fry 

C. B. HamMItton 


BOLT, NUT, AND RIVET PROPORTIONS 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized March, 1922 


A.S.M.E. Members (Total personnel, 52) 


tA. E. Norton, Chairman H. P. Frear 
F. C. HERMAN KogESTER 
B. G. BRAINE S. F. NeEwMan 


(D. L. Bratne, Alternate) E. W. Reep 
iJ. H. Buckiey tF. O. WELLS 
ELLwoop BuRDSALL R. J. WHELAN 
G S. E. M. 
T. G. CRAwWFoRD V. R. WiLLovGHBy 
M H. Fiynn (J. J. McBripe, Alternate) 
O. B. ZIMMERMAN 
* Note: All of the Standards Committees for which the Society 


is Sponsor, Joint Sponsor, or on which it has representation are 
organized under the procedure of the American Standards Associa- 
tion. 

} Official A.S.M.E. representatives serving on this committee. 
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PIPE FLANGES AND FITTINGS 


*Joint sponsorship with the Heating, Piping, and Air Conditioning 
Contractors National Association and the Manufacturers 
Standardization Society of the Valve and Fittings 
Industry. Sectional Committee organized 
October, 1921 


A.S.M.E. Members (Total personnel, 53) 


P. Buss, Chairman M. B. MacNeIL_e 
J. J. HARMAN, Secretary F. H. Moreneap 


W. R. Conarp TE. L. Moretanp 
SaBIN CROCKER TW. S. Morrison 
FERDINAND FINK L. S. Morse 

H. E. Haier C. W. Mowry 

J.S. Hess (A. L. Brown, Alternate) 
TN. S. Hitt, Jr. A. L. PENNIMAN, JR. 
Francis HopGKInson WALTER SAMANS 
tH. A. Horrer tC. W. StepHEen 

A. M. Houser tJ. R. TANNER 

D. Jacosus J. H. Taytor 

L. H. H. L. UNDERHILL 
W. R. Kremer G. W. Warts 

JOHN KNICKERBACKER J. A. 

C. R. KNow es J. H. Zink 


SCHEME FOR IDENTIFICATION OF PIPING SYSTEMS 


*Joint sponsorship with the National Safety Council. 
Sectional Committee organized June, 1922 


A.S.M.E. Members (Total personnel, 30) 


W. L. BuNKER TR. S. Peck 

CrossBy A. L. PENNIMAN, JR. 
WILLIs LAWRENCE G. E. SANFoRD 

TW. S. Morrison H. S. Smirxu 

A. K. OHMES F. N. SpELLER 


SMALL TOOLS AND MACHINE TOOL ELEMENTS 


*Joint sponsorship with the National Machine Tool Builders Association 
and the Society of Automotive Engineers. Sectional Committee 
organized September, 1922 


A.S.M.E. Members (Total personnel, 26) 


C. W. Spicer, Chairman tH. E. Harris 
F. O. HoaGuanp, Vice-Chairman J. E. Lovety 

F. 8. BLacKa., Jr. MacKay 
E. J. BRYANT TW. C. MvELLER 
EarLe BucKINGHAM tE. R. Norris 
+F. H. Cotvin Ertk OBERG 

K. H. Conpir J. Oxrorp 

S. A. EInsTEIN D. M. PALMER 


TECHNICAL ComMITTEE No. 1 on T-Siots 


A.S.M.E. Members (Total personnel, 11) 


S. A. EINSTEIN 
R. T. Haze.ton 
F. O. HoaGLanp 
E. R. Norris 


Erik OBERG, Chairman 
E. P. BurRELL 

Harry CADWALLADER, JR. 
HERMAN CASLER 


TECHNICAL COMMITTEE No. 2 on Toot Houpers anp Too. Posr 
OPENINGS 
A.S.M.E. Members (Total personnel, 13) 


P. M. MUELLER 
R. R. Weppe.tu 


. BURRELL 


TECHNICAL CoMMITTEE No. 3 ON MACHINE TAPERS 


A.S.M.E. Members (Total personnel, 21) 


F. S. Buackatu, Jr., Chairman H. E. Harris 

E. J. BRYANT F. O. HoaAGLAND 
EarLe BucKINGHAM J. H. HortGgan 
B. P. GRAVES A. H. Lyon 

F. H. Cotvin L. F. NENNINGER 
J. B. Dituarp C. W. Spicer 


F. W. Sre1n 
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TECHNICAL CoMMITTEE No. 4 on SPINDLE Noses AND 
FoR MACHINE TooLs 


A.S.M.E. Members (Total personnel, 26) 


J. E. Lovety, Chairman A. H. Lyon 

B. P. Graves J. H. MANSFIELD 
F. 
A. 
M. 


P. 

O. HoaGLanD L. F. NENNINGER 
M. JoHNSON H. W. Ruppeu 
E. LANGE L. D. SPENCE 


TEcHNICAL ComMITTEE No. 5 on MILLING CUTTERS 
A.S.M.E. Members (Total personnel, 21) 


A. N. Gopparp E. K. MorGan 
J. H. HoriGan OBERG 
G. L. MARKLAND, JR. C. J. Oxrorp 


E. D. VaNncIL 


TECHNICAL CoMMITTEE No. 6 ON DESIGNATIONS AND WORKING 
RANGES OF MACHINE TooLs 


A.S.M.E. Members (Total personnel, 22) 


K. H. Conpit, Chairman J. J. McBrive 
EARLE BUCKINGHAM CHARLES SCHENCK 
T. H. Doan E. R. Smita 

B. P. Graves W. E. Wuipp 


TECHNICAL ComMMITTEE No. 7 on Twist DrILt Sizes 
A.S.M.E. Members (Fotal personnel, 9) 


W. C. MUELLER 
C. J. Oxrorp 


C. R. AupEN, Secretary 
J. H. HortGan 
TECHNICAL CoMMITTEE No. 8 on Dritt BusHINGs 
A.S.M.E. Members (Total personnel, 9) 


C. R. ALpEN, Secretary W. C. MUELLER 
J. H. C. J. Oxrorp 
H. E. 


TECHNICAL CoMMITTEE No. 9 oN PuncH Press Toots 
A.S.M.E. Members (Total personnel, 17) 


D. M. Patmer, Chairman N. W. DorMAN 
D. H. CHason H. E. Harris 
A. J. CUMMINGS W. C. MvuELLER 


H. E. Wetts 


TECHNICAL CoMMITTEE No. 10 on CrrcULAR FoRMING 
AND HoLpErRs 


A.S.M.E. Members (Total personnel, 9) 


W. C. MUELLER 
D. H. 


L. D. Spence 
H. E. 
TECHNICAL ComMITTEE No. 11 on CuuckKs AND CuuckK Jaws 
A.S.M.E. Member (Total personnel, 9) 

J. E. Lovery, Chairman 
TECHNICAL CoMMITTEE No. 12 on Cut AND GrouND THREAD TAPS 
A.S.M.E. Member (Total personnel, 7) 

W. C. MuELLER 
TECHNICAL CoMMITTEE No. 13 ON SPLINES AND SPLINED SHAFTS 
A.S.M.E. Members (Total personnel, 11) 


R. E. W. Harrison 
F. O. HoaGLanp 


C. W. Spicer, Chairman 
W. F. Groene 
B. F. WaTeRMAN 


TECHNICAL ComMMITTEE No. 14 on Etectric Wetpine Digs 
AND ELectropEe HoupEers 
A.S.M.E. Members (Total personnel, 12) 


Lewis Fine N. McD. Loney 


TECHNICAL CommITTrEE No. 15 on Macuine TABLES 


A.S.M.E. Members (Total personnel, 6) 


B. P. Graves L. F. NENNINGER 


TECHNICAL CoMMITTEE No. 16 on Rotatine Toot SHANKS 
A.S.M.E. Members (Total personnel, 19) 


E. J. Bryant, Chairman E. W. Howe 
J. H. Horiean, Secretary W. C. MUELLER 
J. B. C. J. Oxrorp 


H. E. 


TECHNICAL CoMMI?PTEE No. 17 on NOMENCLATURE 
A.S.M.E. Members (Total personnel, 15) 


H. E. Harris, Chairman F. S. BLacKAaLu, Jr. 
O. W. Boston, Secretary F. H. Cotvin 
F. O. HoaGuanp 
Ex-Officio Members 
C. R. ALDEN C. J. OxFrorp 
B. P. Graves C. W. Spicer 
A. N. Gopparp H. E. 


TECHNICAL CoMMITTEE No. 18 on MULTIPLE SPINDLE 
Dritiine Heaps 


A.S.M.E. Member (Total personnel, 10) 
H. E. 


TECHNICAL CoMMITTEE No. 19 on StnGLe Point Curtine Toots 
A.S.M.E. Members (Total personnel, 2) 


F. H. Cotvin, Chairman O. W. Boston 


SCIENTIFIC AND ENGINEERING SYMBOLS AND 
ABBREVIATIONS 


*Joint sponsorship with the A.S.C.E., A.I.E.E., A.A.A.S.,andS.P.E.E. 
Sectional Committee organized January, 1926 
A.S.M.E. Members (Total personnel, 33) 


S. A. Moss, Vice-Chairman K. H. Conpir 
R. M. ANDERSON TH. N. Davis 
(E. P. WarNER, Alternate) T(R. J. S. Prcorr, Alternate) 
G. W. Lewis 


PLAIN AND LOCK WASHERS 


*Joint sponsorship with the Society of Automotive Engineers. Sec- 
tional Committee organized March, 1926 


A.S.M.E. Members (Total personnel, 37) 


tS. G. Barts J. J. McBripe 
EvuGENE CALDWELL H. C. E. Meyer 
T. G. CRAWFORD E. H. WarInG 


+B. S. Lewis 
C. H. Loutret 


E. M. 
O. B. ZIMMERMAN 


MACHINE PINS 


*Joint sponsorship with the Society of Automotive Engineers. Sec 
tional Committee organized March, 1926 
A.S.M.E. Members (Total personnel, 18) 


J. J. McBripe 
H. C. E. Merer 


tM. E. Steczynsxk1, Chairman 
TE. J. Bryant 
O. B. ZimMERMAN 


DRAWINGS AND DRAFTING ROOM PRACTICE 


*Joint sponsorship with the Society for Promotion of Engineering 
Education. Sectional Committee organized July, 1926 


A.S.M.E. Members (Total personnel, 52) 


F. DeR. Furman, Chairman 
C. W. Kreurret, Secretary 
BAKER 

C. E. Coopers 


Ketrcuum 
F. R. Laney 

H. B. LANGILLE 
W. L. McInros# 


T. G. CrawFrorpD F. W. Mine 
H. C. FLercuHer E. B. 

T. E. Frencu tJ. K. Otsen 
A. C. Harper J. W. Owens 
A. M. Houser F. C. PanusKa 


ALFRED IDDLES Cart RossMASSLER 


TE. S. Smrru, Jr. 
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CODE FOR PRESSURE PIPING 
*Sole sponsorship. Sectional Committee organized March, 1926 
A.S.M.E. Members (Total personnel, 72) 


E. B. Ricketts, Chairman J. W. Moors 
G. 8. Corrin F. H. Moreneap 
H. C. Cooprr H. H. Morgan 


W.S. Morrison 
A. W. Mou.prer 
Frep 


SaBIN CROCKER 
(J. A. WALKER, Alternate) 
H. D. Epwarps 


C. A. Evuis E. W. Norris 
CHARLES FITZGERALD G. A. Orrok 
O. 8. HAGERMAN A, L. PENNIMAN, JR. 
H. E. tC. S. Rospinson 
(G. J. Stuart, Alternate) G. W. SAATHOFF 
J. J. HARMAN G. K. SauRWEIN 
J. 8. Haven H. S. 
(E. B. Severs, Alternate) (H. H. Moss, Alternate) 
J. 8. Hess F. N. 
H. A. Horrer C. G. SPENCER 
G. G. J. R. TANNER 
tA. M. Houser J. H. Vance 
tALFrep IppLEs F. H. WaGner 
J. H. LAWRENCE H. L. WuHirremMore 
M. B. MacNBiL_E J. H. 
G. W. Martin T. F. 
H. C. E. Meyer G. H. Wooprorre 


GRAPHIC PRESENTATION 
*Sole sponsorship. Sectional Committee organized November, 1926 
A.S.M.E. Members (Total personnel, 38) 
E. Hacemann, Secretary H. G. Crocxetr 


M. F. Bewar E. F. DuBruu 
C. N. BierLow T. E. Frencu 
Wa CLARK TD. B. Porter 


TRANSMISSION CHAINS AND SPROCKETS 


*Joint sponsorship with the Society of Automotive Engineers and the 
American Gear Manufacturers Association. Sectional 
Committee organized December, 1926 


A.S.M.E. Members (Total personnel, 16) 


+F. V. Herze., Chairman TL. V. Lupy 

M. Bartuert, Secretary TE. B. 
W. J. Be_cHEerR F. L. Morse 
JoserH Joy G. A. Youne 


O. B. ZIMMERMAN 


WIRE AND SHEET METAL GAGES 


*Joint sponsorship with the Society of Automotive Engineers. Sectional 
Committee organized November, 1927 
A.S.M.E. Members (Total personnel, 28) 
J. F. TE. E. Rosz 


PIPE THREADS 


*Joint sponsorship with the American Gas Association. Sectional 
Committee reorganized December, 1927. In August, 1908, the 
A.G.A. and the A.S.M.E. appointed a Joint Committee 
on this subject which was reorganized as a Sectional 
Committee under the procedure of the A.S.A. in 
the spring of 1919 


A.S.M.E. Members (Total personnel, 43) 


B. H. Bioop J. O. JoHNsSON 
A. F BreITENsTEIN W. R. Kremer 
E. J. BRYANT A. 8S. MILLER 

L. A. CorRNELIUS P. V. 

E. S. CornE LL, JR F. H. Morpupap 
J. J. Crorry W. C. Morris 

J. J. HARMAN 8S. F. NpewMan 
tA. M. Houser E. 8. SANDERSON 
F. B. L. N. SHANNON 
A. H. JARECKI W. D. Sizzr 


J. H. 
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ELECTRIC MOTOR FRAME DIMENSIONS 


*Joint sponsorship with the National Electrical Manufacturers 
Association. Sectional Committee organized November, 1927 


A.S.M.E. Members (Total personnel, 31) 


TW. F. Dixon, Chairman W. F. Jonzs 
C. A. ADAMS A. L. McHuau 
S. A. ErnsTein P. G. 
E. W. tA. G. TrumBu. 
F. 8. Encuisu TE. H. Warine 


WROUGHT IRON AND WROUGHT STEEL PIPE AND 
TUBING 


*Joint sponsorship with the American Society for Testing Materials. 
Sectional Committee organized April, 1928 


A.S.M.E. Members (Total personnel, 39) 


H. H. Moraan, Chairman C. W. Mowry 

Sapin Crocker, Secretary TH. B. Oatriey 

J. B. Aston A. L. PENNIMAN, JR. 
M. Houser (A. B. Morgan, Alternate) 
D. 8. Jacospus F. N. 


(F. 8. Cuark, Alternate) J. R. TANNER 
W. R. Kremer A. E, Wuire 
H. C. E. Meyer H. LeR. Wuitrney 


F. H. Morennap G. H. Wooprorre 


SPEEDS OF MACHINERY 
*Sole sponsorship. Sectional Committee organized May, 1928 
A.S.M.E. Members (Total personnel, 29) 


tC. M. BiaELow W. F. Jones 
R. C. H. C. E. Meyer 
DIserRENS Joun 
F. 8. i P. G. Ruoaps 


F. C. Spencer 
O. B. ZimMERMAN 


A. E. Hau 
D. C. Jackson 


SCREW THREADS FOR HOSE COUPLINGS 
*Sole sponsorship. Sectional Committee organized August, 1928 
A.S.M.E. Members (Total personnel, 24) 


J. J. HARMAN 
(F. C. Ernst, Alternate) 


A. L. Brown, Secretary 
tA. F. 


W. L. Curtiss A. M. Houser 
E. Dunnam H. C. E. Meyer 
J. H. 


PLUMBING EQUIPMENT 
*Joint sponsorship wiih the American Society of Sanitary Engineering. 
Sectional Committee organized August, 1928 
A.S.M.E. Members (Total personnel, 30) 


G. W. Martin 
(A. H. Morgan, Alternate) 
{W. R. Wesster 


tL. A. CornELIvs 
J. J. Crorry 
O. E. GoLpscHMIDT 


ROLLED THREADS FOR SCREW SHELLS OF ELECTRIC 
SOCKETS AND LAMP BASES 


*Joint sponsorship with the National Electrical Manufacturers 
Association. Sectional Committee organized March, 1929 
A.S.M.E. Members (Total personnel, 18) 


J. Bryant BuckinGHAM 
TE. S. SANDERSON 


STOCK SIZES, SHAPES, AND LENGTHS FOR HOT AND 
COLD FINISHED IRON AND STEEL BARS 


*Sole sponsorship. Sectional Committee organized April, 1929 
A.S.M.E. Members (Total personnel, 24) 


TL. W. Witi1aMs 
G. H. Wooprorrs 


J. B. Aston 
F. H. Decuant 
O. B. ZimMERMAN 
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STANDARDIZATION AND UNIFICATION OF SCREW 
THREADS 


*Joint sponsorship with the Society of Automotive Engineers. Sectional 
Committee originally organized in June, 1921. Reorganized in 
February, 1928 


A.S8.M.E. Members (Total personnel, 37) 


TR. E. Fuanpvers, Chairman 
tF. O. Wetts, Vice-Chairman 
Ear.e BuckinauaM, Secretary 
H. E. Bireer 

E. J. BRYANT 

G. 8. Case 


T. G. CRawrorp 
tA. M. Houser 
(R. E. Perry, Alternate) 
H. C. E. Meyer 
TP. V. 
O. B. ZIMMERMAN 


PRESSURE AND VACUUM GAGES 


*Sole sponsorship. Sectional Committee organized July, 1930 
A.S.M.E. Members (Total personnel, 45) 


R. J. Kean 
tJ. C. McCune 

A. H. MorGan 
TS. A. Moss 

H. B. ReyNnoups 

C. Z. RoseNCRANS 
W. C. ScCHOENFELDT 


M. D. Enaue, Chairman 
(A. B. Morgan, Alternate) 
tA. W. Lenperotn, Secretary 
E. J. BRYANT 
tJ. P. CavANAUGH 
Pau. DIsereNns 
W. F. Jones 


ALLOWANCES AND TOLERANCES FOR CYLINDRICAL 
PARTS AND LIMIT GAGES 


*Sole s»onsorship. Sectional Committee originally organized in June, 
1920. Reorganized in September, 1930 


A.S.M.E. Members (Total personnel, 44) 


F, E. BANFIELD 
(E. E. Alternate) 
F. 8S. Buackatt, Jr. 


F. O. HOAGLAND 
N. E. Jacosi 
H. C. E. Meyer 


H. E. BRuNNER P. V. MILLER 
(WituiaM Jetrer, Alternate) W. C. MUELLER 
E. J. BRYANT TE. C. Peck 
tEarLe BuckincHaM W. C. ScHOENFELDT 
tF. H. Cotvin F. W. Ste 


R. E. W. Harrison C. C. StT8VENSs 


O. B. ZIMMERMAN 


FOUNDRY EQUIPMENT AND SUPPLIES 


*Joint sponsorship with the American Foundrymen's Association. 
Sectional Committee organized February, 1931 


A.S.M.E. Members (Total personnel, 23) 


G. F. Jenks 
A. 8S. PHELPs 
TH. P. Van Cleve 
O. B. ZIMMERMAN 


E. S. Carman, Chairman 
E. W. Ety 
F. W. HerENDEEN 
(F. B. Howe Alternate) 


SPECIFICATIONS FOR LEATHER BELTING 


*Sole sponsorship. Sectional Committee organized February, 1931 
A.S.M.E. Members (Total personnel, 24) 

Frep NoLpE 

J. E. Raoaps 


C. A. ScHIEREN 
O. StrEETER 


R. W. CHANDLER 
H. T. Coatgs 
TR. W. Drake 
Kine HatTHaway 
O. B. ZIMMERMAN 


UNIFICATION OF RULES FOR THE DIMENSIONING OF 
FURNACES FOR BURNING SOLID FUEL 


*Sole sponsorship. Sectional Committee organized June, 1933 
A.S.M.E. Members (Total personnel, 22) 


C. E. Bronson, Temporary Chairman T. A. MarsH 
W. G. Curisty W. L. Martwick 
JoHN HuNTER J. F. McIntire 


TV. G. Leacu 


{Joun Van Brunt 


CLASSIFICATION AND DESIGNATION OF SURFACE 
QUALITIES 
*Joint sponsorship with the Society of Automotive Engineers. 
Committee organized May, 1932 


A.S.M.E. Members (Total personnel, 56) 


C. G. Temporary Chairman 
JOHN CETRULE 
J.S. CHAFEE 


Sectional 


F. V. HARTMAN 
F. O. HoaGuanp 
H. J. Hoitrzctaw 


T. G. CRawrorpD R. T. Kent 
TR. ©. Deate A. H. Lyon 

U. 8S. Eperuarpt M. J. Reep 

S. A. EInsTein F. C. SpENCER 
R. F. Gaaa C. C. STEVENS 
J.J. HARMAN J. 8. TAwRESEY 
TR. E. W. Harrison C. H. Wuiraker 


A.S.MLE. Representatives on Miscellaneous 
Standardization Committees 


See also A.S.M.E. Representaitves on Other Activities, page 29 
SPECIFICATIONS FOR CAST IRON PIPE 


*Sponsor bodies: American Gas Association, American Society for 
Testing Materials, American Water Works Association, and 
New England Water Works Association 


G. W. Biaas J. E. Gipson 


CLASSIFICATION OF COAL 
*Sponsor body: American Society for Testing Materials 
F. R. WapLEIGH 


DRAINAGE OF COAL MINES 
*Sponsor body: American Mining Congress 


M. J. Lipe O. M. Pruitr 


W. M. Wuite 
FIRE TESTS OF BUILDING CONSTRUCTION AND 
MATERIALS 


*Sponsor bodies: A.S.A. Fire Protection Group, National Bureau of 
Standards, and the American Society for Testing Materials 


E. C. Rack 


MANHOLE FRAMES AND COVERS 


*Sponsor bodies: A.S.A. Telephone Group and American Society of 
Civil Engineers 


AnTON HANSEN Homer RuparpD 


SPECIFICATIONS FOR AND RECOMMENDED PRACTICE 
IN THE USE OF WIRE ROPE FOR MINES 
*Sponsor body: American Mining Congress 
J. L. HarRINGTON 


ROTATING ELECTRICAL MACHINERY 


*Sponsor bodies: American Institute of Electrical Engineers and the 
National Electrical Manufacturers Association 


H. R. Sewett (C. A. Boortn, Alternate) 


SPECIFICATIONS FOR FUEL OILS 
*Sponsor body: The American Society for Testing Material 


W. H. Butter L. H. Morrison 
Harte Cooke Les SCHNEITTER 
H. W. Dow Denistoun Woop 


ELECTRIC WELDING 


*Sponsor bodies: American Institute of Electrical Engineers and the 
National Electrical Manufacturers Association 


N. McD. Loney 
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SPECIFICATIONS FOR SIEVES FOR TESTING 
PURPOSES 


American Society for Testing Materials and National 
Bureau of Standards 


D. McM. BLackBURN 


*Sponsor bodies: 


METHODS OF RATING RIVERS 
*Sponsor body: U.S. Geological Survey 
D. W. Mreap 


METHODS OF TESTING WOOD 


U. S. Forest Service and the American Society for 
Testing Materials 


C. M. BigELow 


*Sponsor body: 


METHODS OF TESTING PETROLEUM PRODUCTS AND 
LUBRICANTS 


American Society for Testing Materials 
A. E, FLowEers 


*Sponsor body: 


MISCELLANEOUS OUTSIDE COAL-HANDLING 


EQUIPMENT 
*Sponsor body: American Mining Congress 


J. H. Srratron 


SPECIFICATIONS FOR MATERIALS FOR USE IN 
MANUFACTURE OF SPECIAL TRACKWORK 


American Transit Association 


W. R. HuLBert 


*Sponsor body: 


ELECTRICAL DEFINITIONS 
American Institute of Electrical Engineers 
J. V. B. Durer 


*Sponsor body: 
C. H. Berry 


ACOUSTICAL MEASUREMENTS AND TERMINOLOGY 


*Sponsor body: Acoustical Society of America 


E. E. Free 

(P. H. Alternate) 
R. V. Parsons 

(J. S. Parkinson, Alternate) 
W. B. Waite 

(H. S. Reap, Alternate) 


SPECIFICATIONS FOR CLEAN BITUMINOUS COAL 


American Institute of Mining and Metallurgical 
Engineers 


R. A. SHerMAN (E. L. Linpsets, Alternate) 


*Sponsor body: 


PREFERRED NUMBERS 
*Special Committee of A.S.A. 
K. H. Conpir 


FOREST FIRE PROTECTION 
Committee of National Fire Protection Association 
E. H. Davis 


BUILDING CODE COMMITTEE 
Advisory Committee of Department of Commerce 
THORNTON LEwIs 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


SPECIFICATIONS FOR TOOL STEEL 
Subcommittee No. XIV of A.S.T.M. Committee Al on Steel 
O. W. Boston C. M. InMAN 


PETROLEUM SPECIFICATIONS 
Advisory Board of U. S. Bureau of Mines 


H. A. S. Howartu 


Power Test Codes Technical Committees 


(Personnel of Standing Committee, p. 6) 
(1) @QENERAL INSTRUCTIONS 


Appointed December, 1918 


W. H. Kavanauan, Chairman C. F. HirsHretp 
A. M. GREENE, JR. M. C. Stuart 


(2) DEFINITIONS AND VALUES 
Appointed December, 1918 


A. C. Woop 


(3) FUELS 


Appointed December, 1918 
W. J. WoHLENBERG, Chairman F. 
E. G. BaILey G. 
B. L. Bore . R. RicHarps 
L. P. BRECKENRIDGE E. B. Ricketts 
H. W. Brooxs F. M. RoGers 
S. B. E. X. Scumipt 
D. M. Myers NICHOLAS STAHL 

E. N. Trump 


(4) STATIONARY STEAM-GENERATING UNITS 


Appointed December, 1918 
E. R. Chairman E. B. Powe. 
A. D. BatLey E. B. Rickerrs 
ALFRED IDDLES C. U. Savoye 


(5) RECIPROCATING STEAM ENGINES 


Appointed December, 1918 


A. G. CurRIstTIE, Chairman 
HarTE CooKE 

K. S. M. Davipson 
HERMAN DIEDERICHS 
HENRIK GREGER 

Tuomas 


J. A. HUNTER 

H. G. MvuELLER 

B. V. E. NorpBEerRG 

J. F. M. Patitrz 

A. V. SAHAROFF 

A. G. 
J.C. WorKMAN 


(6) STEAM TURBINES 


Appointed December, 1918 


Berry, Chairman . M. 
Movutrtrop, Secretary 


Frost 
. E. 
. D. H. BENTLEY 
. E. 


GRUNERT 
RANCIS HODGKINSON 
Moss 

MULLER 
PuRCELL 


CALDWELL 


CHRISTIE od. 
ANS DAHLSTRAND . E. 


C. C. THomas 


(7) RECIPROCATING STEAM-DRIVEN DISPLACEMENT 


PUMPS 


Appointed December, 1918 
R. D. Chairman . E. Grpson 
C. H. ANDERSON . L. KotuBere 
E. H. Brown . B. MacNgILie 
J. N. CHESTER . W. Meap 
L. A. QUAYLE 
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(8) CENTRIFUGAL AND ROTARY PUMPS 


Appointed December, 1918 
W. B. GreGroy, Chairman 
Max SPILLMAN, Secretary 
W. C. Brown 


M. B. MacNEILLe 
L. F. Moopy 
F. H. Rogers 

W. M. Wuire 


(9) DISPLACEMENT COMPRESSORS AND BLOWERS 


Appointed December, 1918 
Diserens, Chairman 
G. T. FetBpeck 


J. F. HuvANE 
R. M. JoHNSON 
S. B. REDFIELD 


(10) CENTRIFUGAL AND TURBO-COMPRESSORS AND 
BLOWERS 


Appointed December, 1918 


A. T. Brown, Chairman J. J. Gros 

E. L. ANDERSON H. F. HaGen 
C. A. Bootu Paut HorrMan 
W. H. Carrier H. D. Kesey 


L. E. Day A. L. KimBaLu 
E. S. Dean L. S. MarKs 

Z. G. DevtTscu ArRvID PETERSON 
S. H. Downs H. F. Scumipt 


P. E. Goop M. C. Stuart 


(11) COMPLETE STEAM POWER PLANTS 
Appointed December, 1918 


F. M. Van Deventer, Chairman W. W. JoHNSON 


W. F. Davipson E. W. Norris 
C. H. Fettows C. U. Savoye 
R. A. ForeEsSMAN D. S. Weaa 

V. M. Frost H. S. WuITon 


(122) CONDENSERS, WATER HEATING, AND COOLING 
EQUIPMENT 


Appointed December, 1918 


G. A. Orrok, Chairman J. F. Grace 

P. H. Harpie, Secretary D. W. R. MorGan 
C. H. Baker, Jr. J. J. MuLLAN 

R. N. Exruart H. B. ReyNoups 


P. E. Reynoups 


(13) REFRIGERATING SYSTEMS 
Appointed December, 1918 


R. M. ANpERSON, Chairman N. H. 
G. B. Bricut G. A. Horne 
G. T. VoorHEES 
(14) EVAPORATING APPARATUS 
Appointed December, 1918 
E. N. Trump, Chairman E. A. NEWHALL 
B. N. Bump H. L. Parr 

L. C. Rogers 


(15) STEAM LOCOMOTIVES 
Appointed December, 1918 


E. C. Scumipt, Chairman G. E. Rxoaps 
W. F. Kiese., Jr. L. K. 
H. B. OatLey W. E. Wooparp 
(146) GAS PRODUCERS 
Appointed December, 1918 
W. T. Maaruper, Chairman C. D. Smits 
R. H. Fernatp H. F. Smiru 


(17) INTERNAL-COMBUSTION ENGINES 


Appointed December, 1918 
Max Rorter, Chairman L. 
Harte Cooke B. 
J. H. Suter 


B. JACKSON 
V. E. NorpDBERG 


(18) HYDRAULIC PRIME MOVERS 
Appointed December, 1918 


E. C. Hutcutnson, Chairman J. P. Growpon 


C. M. ALLEN T. H. Hoce 
H. L. Doouitrrie D. J. McCormack 
W. F. DuranpD L. F. Moopy 
N. R. Gipson R. V. Terry 


W. M. Wuite 


(19) INSTRUMENTS AND APPARATUS 


Appointed December, 1918 


C. F. Hirsuretp, Chairman 
W. A. Carter, Secretary 


J. B. GRUMBEIN 
W. H. KenERSON 


C. M. ALLEN E. S. Lee 

E. G. BaILey E. L. LinpsetH 
H. 8S. BEAN OsBorn MonNeET?T 
L. J. Briaes S. A. Moss 

C. R. Cary R. J. 8. Picorr 

J. D. Davis E. B. Ricketts 
R. E. Ditton W. A. SLOAN 

F. M. FarMER R. B. Smitu 


(20) SPEED-RESPONSIVE GOVERNORS 


Appointed December, 1921 


Francis HopGKInson, Chairman 
HarTE Cooke 


J. F. M. Patrrz 
F. H. Rogers 


(21) DUST SEPARATING APPARATUS 


Appointed October, 1934 


M. D. Chairman 
J. W. Armour, Secretary 


J. M. DaLLaVALLE 
DRINKER 


E. L. ANDERSON H. F. Hacen 

A. D. BatLtey P. H. Harpie 

H. M. Busar C. W. HepBEerG 
W. G. Curisty J. H. Leecu 

H. O. Crortr H. E. MacomBer 


B. F. 


ASME. Representatives on Other Committees 
See also A.S.M.E. Representatives on Other Activities, page 29 


DEVELOPMENT OF DEFINITIONS FOR THE NET 
CALORIFIC VALUE AND GROSS CALORIFIC 
VALUE OF FUELS 


Sponsor Body: American Society for Testing Materials 
W. J. WoHLENBERG 


COMMITTEE ON REDEFINING SO-CALLED STANDARD 
TON OF REFRIGERATION 


Sponsor Body: American Society of Refrigerating Engineers 
G. B. Bricut 


Safety Technical Committees 
(Personnel of Standing Cominittee, p. 6) 


SAFETY CODE FOR MECHANICAL POWER-TRANSMISSION 
APPARATUS 


*Joint sponsorship with the International Association of Industrial 
Accident Boards and Commissions, National Bureau of Casualty 
and Surety Underwriters. Sectional Committee organized 
February, 1921 


A.S.M.E. Members (Total personnel, 27) 


tC. B. Chairman W. W. NicHo.ts 
TL. A. W. S. Paine 
W. J. HamMILTon P. G. Ruoaps 
R. McA. Keown TD. C. Wricut 
TG. M. Naytor (G. N. VanDeruoer, Alternate) 
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SAFETY CODE FOR ELEVATORS SAFETY CODE FOR LADDERS 
*Joint sponsorship with the American Institute of Architects and the * ‘ . . 
National Bureau of Standards. Sectional Committes organized Spenser Counet 
November, 1922 W. T. Hatcu 
A.S.M.E. Members (Total personnel, 35) 
O. P. Cumminas, Vice-Chairman D. L. Linpaquist 
C. R. CALLAWAY N. O. LinpstroM SAFETY CODE FOR LAUNDRY MACHINERY AND 
M. H. CuRrIsTOPHERSON J. J. Matson OPERATION 
I. N. HauGHTON J.C. ‘ 
{D. L. Hotproox M. B. McLavTauin ‘Sponsor bodies: Laundry Owners National Association, Association 
8. V. Jauns W. S. Paine of Governmental Officials in Industry of U. S. and Canada, and 
Basszrr Jonzs 8. F. Voonnezs National Association of Mutual Casualty Companies 


E. J. CARROLL 
SAFETY CODE ON MACHINERY FOR COMPRESSING AIR . 
*Joint sponsorship with the American Society of Safety Engineers—- sarpry CODE FOR LIGHTING FACTORIES. MILLS, AND 


Engineering Section, National Safety Council. Sectional 
Committee organized May, 1923 OTHER WORKS PLACES 
A.S.M.E. Members (Total personnel, 23) *Sponsor body: Illuminating Engineering Society 
DIsERENS O. P. Hoop L. A. BLACKBURN 
H. D. Epwarps tH. H. Jupson 
W. M. Grarr C. E. Perrinonn 
W. J. Graves D. L. Royer 


SAFETY CODE FOR LOGGING AND SAWMILL MACHINERY 


SAFETY CODE FOR CONVEYORS AND CONVEYING *Sponsor body: National Bureau of Standards 
MACHINERY J. H. Dickinson ‘ 


*Joint sponsorship with the National Bureau of Casualty and Surety 
Underwriters. Sectional Committee organized November, 1925 


A.S.M.E. Members (Total personnel, 45) SAFETY CODE FOR PAPER AND PULP MILLS 
M. H. CaRISTOPHERSON W.S. * 
E. L. Girrorp C. G. PFEIFFER ‘Sponsor body: National Safety Council 
W. J. GRAVES D. L. Royer R. L. WEeLpon 
F. V. Herzeu (W. M. Grarr, Alternate) 
+M. A. STANIAR 
LG. SAFETY CODE FOR POWER PRESSES, AND FOOT AND 
HAND PRESSES 


* . 
SAFETY CODE FOR CRANES, DERRICKS, AND HOISTS Spencer body: National Gaftty Councd 
*Sole sponsorship. Sectional Committee organized November, 1925 E. E. Barney 
A.S.M.E. Members (Total personnel, 58) 
B. F. Triuson, Secretary FRANKLIN MOELLER 
H. LER. Brink {Lewis Price SAFETY CODE FOR TEXTILES 
J. F. Howe F. H. ScHwERIN 
W. D. KELLER +R. H. Wuire Sponsor body: Nat Safety Council 
H. L. WHITTEMORE G. L. WaRFIELD 


A.S.M.E. Representatives on Other Safety Committees 
See also A.S.M.E. Representatives on Other Activities, page 29 


SAFETY CODE FOR VENTILATION 


*Sponsor body: American Society of Heating and Ventilating Engineers 


SAFETY CODE CORRELATING COMMITTEE P. A, McKrrrrick (L. H. Eacert, Alternate) 
M. H. CurisTorpHERSON (T. A. WALsH, JR., Alternate) 


SAFETY CODE FOR WALKWAY SURFACES 
*Sponsor bodies: American Institute of Architects and National Sa; ety 


SAFETY CODE J'OR AMUSEMENT PARKS 


*Sponsor bodies: National Association of Amusement Parks, and Council 
National Bureau of Casualty and Surety Underwriters 
W. M. Grarr 
G. P. Suara 


SAFETY CODE FOR WINDOW WASHING 
*Sponsor body: National Safety Council 
W. G. 


SAFETY CODE FOR FLOOR OPENINGS, RAILINGS, AND 
TOE BOARDS 


*Sponsor body: National Safety Council 


SAFETY CODE FOR FORGING AND HOT METAL SAFETY CODE ON COLORS FOR IDENTIFICATION OF 


STAMPING GAS MASK CANISTERS 
* bodies: ican Drop Forging Institute and the National 
Council. *Sponsor body: National Safety Council 


O. F. LuckenBACH C. F. Park L. C. Licuty 
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SAFETY CODE FOR PROTECTION OF INDUSTRIAL 
WORKERS IN FOUNDRIES 


*Sponsor bodies: American Foundrymen’s Association and National 
Founders Association 


H. M. Lang 


SAFETY CODE FOR PREVENTION OF DUST EXPLOSIONS 


*Sponsor bodies: National Fire Protection Association and U. S. 
Department of Agriculture 


J. H. Morrow 


SAFETY CODE FOR WORK IN COMPRESSED AIR 


*Sponsor body: International Association of Industrial Accident Boards 
and Commissions 


L. J. Erssen 


SAFETY CODE FOR EXHAUST SYSTEMS 


*Sponsor body: International Association of Industrial Accident Boards 
and Commissions 


A.S.M.E. Representative 
J.C. Harpiee (E. H. peContneu, Alternate) 


SPECIFICATIONS AND METHODS OF TEST FOR SAFETY 
GLASS 


* Sponsor bodies: National Bureau of Casualty and Surety Underwriters 
and National Bureau of Standards 


T. A. Watsu, Jr. (G. E. SAnrorp, Alternate) 


LOW VOLTAGE ELECTRICAL HAZARD 


Special Committee of the American Society of Safety Engineers— 
Engineering Section, National Safety Council 


J. P. Jackson 


A.S.M.E. Representatives on Other Activities 


See also A.S.M.E. Representatives on Other Research Committees, etc., pages 21, 25, 27, and 28 
(Dates in parentheses denote expiration of terms) 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF 
SCIENCE 


SECTION M, ENGINEERING 
(To be appointed) 


AMERICAN BUREAU OF WELDING 
JAMES PARTINGTON 


COMMITTEE ON STRUCTURAL STEEL WELDING 
G. A. OrrRoK 


AMERICAN ENGINEERING COUNCIL 


(One year term) 
FLANDERS, Chairman 


E. Paut Dory 
P. ALFoRD 


R. 
A. A. Potrer 


D. Ropert YARNALL 
Alternates: H. V. Coss, J. W. Rog 


AMERICAN STANDARDS ASSOCIATION 


C. W. Spicer (1937) Alternates: V. R. WiILLouGHBY 
C. B. LePaGe 


AMERICAN YEAR BOOK CORPORATION 
C. E. Davies 


THE ENGINEERING FOUNDATION 


A. E. Waite (1936) W. H. (1937) 
D. Rospert YARNALL (1937) 


EDUCATIONAL RESEARCH COMMITTEE 
H. N. Davis 


RESEARCH PROCEDURE COMMITTEE 
W. H. 


ENGINEERING SOCIETIES EMPLOYMENT SERVICE 
NATIONAL BOARD 
C. E. Davigs 


METROPOLITAN BOARD 
Ernest Hartrorp, Chairman 


ENGINEERS’ COUNCIL FOR PROFESSIONAL 
DEVELOPMENT 


W. E. WickENDEN (1935) C. F. HrrsHrevp (1936) 
To be appointed (1937) 


ENGINEERS NATIONAL RELIEF FUND 
W. A. SHoupy 


JOHN FRITZ MEDAL BOARD OF AWARD 
R. V. Wriaut (1935) A. A. (1937) 
C. N. Laver (1936) Paut Dory (1938) 


GANTT MEDAL BOARD OF AWARD 


J. W. Roe (1935) D. B. Porter (1936) 
F. E. Raymonp (1937) 


DANIEL GUGGENHEIM MEDAL FUND, INC. 


I. Cong (1935) E. E. Auprin (1937) 
H. Apams (1936) ; B. M. Woops (1938) 


H. 
JOSEPH A. HOLMES SAFETY ASSOCIATION 

O. P. Hoop 


HOOVER MEDAL BOARD OF AWARD 


AMBROSE Swasey (1935) To be appointed (1937) 
C. N. Laver (1939) 


INTERNATIONAL CONGRESSES OF PHOTOGRAPHY, 
JULY, 1935 


AMERICAN NATIONAL COMMITTEE 
Epwarp EpstTean 


INTERNATIONAL ELECTROTECHNICAL COMMISSION 


U, 8. NATIONAL COMMITTEE 


H. N. Davis Francis HopGKINSON 


E. C. Hutcutnson 
Alternates: C. Berry, DiserEens 


MECHANICAL STANDARDS ADVISORY COUNCIL 
W. S. Monroe 


NATIONAL BUREAU OF ENGINEERING REGISTRATION 
J. H. LAWRENCE 


NATIONAL FIRE WASTE COUNCIL 


H. O. Lacount J. A. NEALE 
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NATIONAL MANAGEMENT COUNCIL 


J. A. Pracirre (19386)—G. W. Keusey, Alternate 
C. W. (1937) 
H. V. Cogs (1938)—J. W. Roe, Alternate 


NATIONAL RESEARCH COUNCIL 
DIVISION OF ENGINEERING AND INDUSTRIAL RESEARCH 


W. R. WesstTer (1935) F. M. Farmer (1936) 
W. D. Ennis (1935) D. 8. Jacosus (1936) 


C. E. Davigs, Secretary, Ex-Officio 


NEW YORK STATE JOINT LEGISLATION 
COMMITTEE 


S1gMUND FIRESTONE J. H. LAWRENCE 


ALFRED NOBEL PRIZE 
A. M. GREENE, JR. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


PROFESSIONAL ENGINEERS COMMITTEE ON 
UNEMPLOYMENT 


G. B. Pecram 
WaLtTerR RAUTENSTRAUCH 


J. N. LANDIS 


W. T. Conton 
A. H. Meyer 


STUDY OF COAL 


JOINT COMMITTEE WITH THE A.1.M.E. 


A. D. Battery H. Drake Harkins A. L. PENNIMAN, JR. 
E. H. Barry J.C. Hopss E. B. Rickerrs 
F. M. Gipson E. H. Tenney 


UNITED ENGINEERING TRUSTEES, INC. 
H. V. Coes (1936) D. Ropert YARNALL (1937) 
W. L. Barr (1938) 
ENGINEERING SOCIETIES MONOGRAPHS COMMITTEE 
8S. W. Duprey 
WESTERN SOCIETY OF ENGINEERS 


WASHINGTON AWARD 
G. F. Gesuarpt (1935) 


W. A. SHoupy 


C. B. Noite (1936) 


Awards 


The following paragraphs deal with the awards, scholarships, and 
loan funds which come within the jurisdiction of the A.S.M.E. The 
Society also participates with other engineering societies in a number 
of joint awards. 


Honorary Membership, to which persons of acknowledged profes- 
sional eminence are elected by unanimous vote of Council under the 
provisions of the By-Laws and Rules. A list of honorary members 
is given on page RI-32. 

Life Membership, which may be conferred by the Council for dis- 
tinguished service to the Society; or secured by a member by pay- 
ment for an annuity in accordance with the provisions of the By-Laws. 

A.S.M.E. Medal, established by the Society in 1920 to be pre- 
. sented for distinguished service in engineering and science. May be 
awarded for general service in science having possible application 
in engineering. 

Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed for some 
great and unique act of genius of engineering nature that has ac- 
complished a great and timely public benefit. 

Worcester Reed Warner Medal, provision for which was made in 
the will of Worcester Reed Warner, Honarary Member of the Society, 
is a gold medal to be bestowed on the author of the most worthy 
paper received, dealing with progressive ideas in mechanical engi- 
neering or efficiency in management. 

Melville Medal, established in 1914 by the bequest of Rear-Admiral 
George W. Melville, Honorary Member and Past-President of the 
Society, to be presented for an original paper or thesis of exceptional 
merit, presented to the Society for discussion and publication, to 
encourage excellence in papers. The medal may be presented an- 
nually. 

Spirit of Saint Louis Medal, endowed by members of the Society 
and citizens residing in St. Louis, Mo., to be awarded for meritorious 
service in the field of aeronautical engineering. This medal will be 
awarded at the discretion of the Council of the Society at approxi- 
mately three-year periods upon the recommendation of a Spirit of 
Saint Louis Medal Board of Award made up of six members, each 
appointed for a term of nine years and the terms of two members 
expiring at each three-year period. The St. Louis Section and the 
Aeronautic Division will each be responsible for the nomination of 
three members. 

Junior Award, annual cash award of $50, established in 1914, from 
a fund created by Henry Hess, Past Vice-President of the Society, 
to be presented, together with an engraved certificate, for the best 
paper or thesis submitted by a Junior Member. 

Student Awards, two annual cash awards of $25 each, established 
in 1914, from a fund created by Henry Hess, Past Vice-President of 
the Society, to be presented, together with engraved certificates, for 
the best papers or theses submitted by members of Student Branches. 

Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President of 
the Society, to be awarded to a student of engineering, preferably 
a member of a Student Branch of the Society, for the best paper 
within the general subject of the ‘‘Influence of the Profession Upon 


Public Life.” The exact subject is assigned by the Committee on 
Awards, subject to the approval of the Council, and is announced 
each year through the Honorary Chairmen of the Student Branches. 


SCHOLARSHIPS AND LOAN FUNDS 


Mar Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to students. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Woman's Auxiliary: Scholarship or Fellowship offered by the 
Woman's Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presentation, 
and the services or papers for which the awards were made. There 
were no awards for the years not listed. 


A.S.M.E. Mepau 


HsatMar GoTFRIED CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark III drawn steel booster 
casings used principally as a component of 75-mm high- 
explosive shells, but also used extensively in gas shells and 
bombs 

Freperick ArtHur Hausey, for his paper describing the 
premium system of wage payments presented before the 
Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 
Joun RipLey FREEMAN, for his eminent service in engineering 
and manufacturing by his meritorious work in fire prevention 
and the preservation of property 

R. A. MILLIKAN, in recognition of his contributions to science 
and engineering 

Witrrep Lewis, for his contributions to the design and con- 
struction of gear teeth 

Jutt1an Kennepy, for his services and contributions to the 
iron and steel industry 

Wituram LeRoy Emmet, for his contributions in the develop- 
ment of the steam turbine, electric propulsion of ships, and 
other power-generating apparatus 

AutBertT KinGssury, for his research and development work 
in the field of lubrication 

AmBROSE Swasey, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope 
Wiuts H. Carrier, in recognition of his research and develop- 
ment work in air-conditioning. 
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1924 


1928 


1929 


1933 


1934 


1927 
1929 
1930 


1931 


1932 


1933 


1929 


1932 


1915 
1916 


1919 
1921 
1922 


1923 
1924 
i 1925 


1927 
1928 
1929 
1930 
1931 
1932 
1933 


1934 


1916 


SOCIETY RECORDS 


MEDAL 


HJALMAR GorTrRIED CARLSON, for his inventions and processes 
which made possible the timely production of drawn steel 
booster casings for artillery ammunition, thereby aiding vic- 
tory in the World War 

ELMER AMBROSE Sperry, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctuating 
magnetic compass 

Baron CuuzaBuro Su1sa, for his contributions to knowledge 
through fundamental research, including the field of aero- 
dynamics, by the development of ultra-rapid kinematographic 
methods. 


Worcester Reep WARNER MEDAL 


Dexter S. KIMBALL, for his contributions to efficiency in 
management as exemplified by his recently revised ‘‘Principles 
of Industrial Organization’’ and by his many articles, engi- 
neering society papers, and public addresses 

Raupu E. FLAnpers, for his contributions to a betver under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many papers 
which he has presented. 


MELVILLE MEDAL 


Leon P. Atrorp, ‘“‘Laws of Manufacturing Management” 
JoserH WicKHAM Rog, “Principles of Jig and Fixture Prac- 
tice”’ 

HerMAN DiepERICHS AND WILLIAM D. Pomeroy, Oc- 
currence and Elimination of Surge or Oscillating Pressure in 
Discharge Lines From Reciprocating Pumps” 

Artuur E. Grunert, ‘Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit System 
of Firing” 

ALexey J. Stepanorr, ‘Leakage Loss and Axial Thrust in 
Centrifugal Pumps” 

E. Catpwe.t., ‘Characteristics of Large Hell Gate 
Direct-Fired Boiler Units.” 


Sprrit oF Saint Louts MEDAL 


DanteL GuGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

Pavut Lircurie.p, for his work in encouraging and sponsoring 
airship design and construction in this country. 


JUNIOR AWARD 


Ernest O. Hickstein, ‘Flow of Air Through Thin Plate 
Orifices”’ 

L. B. McMitan, Heat Insulating Properties of Com- 
mercial Steam-Pipe Coverings” 

E. D. WHALEN, ‘‘Properties of Airplane Fabrics” 

S. Logan Kerr, ‘‘Moody Ejector Turbine” 

R. H. Heriman, “Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures Up to 800 Degrees Fahr- 
enheit”’ 

F. L. Kauuam, “Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids” 

S.S. SANForRD AND S. Crocker, ‘‘The Elasticity of Pipe Bends” 
R. H. Het_man, “Heat Losses Through Insulating Material” 
8S. “An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 

Wo. M. Frame, ‘Stresses Occurring in the Walls of an Ellip- 
tical Tank Subjected to Low Internal Pressure”’ 

M. D. Alsenstetn, ‘““‘A New Method of Separating the Hy- 
draulic Losses in a Centrifugal Pump” 

Artuur M. Waut, “Stresses in Heavy, Closely Coiled Helical 
Springs” 

Ep Sincvair Smita, Jr., ‘‘Quantity-Rate Fluid Meters” 

M. K. Drewry, ‘‘Radiant-Superheater Developments” 
Epmonp M. Wagener, “Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder”’ 
TownsEND TINKER, “Surface Condenser Design and Operat- 
ing Characteristics” 

Joun I. Jr., ‘‘Supersaturated Steam.” 


SrupENnT AWARD 


Boynton M. Green, Stanford University, ‘‘Bearing Lubrica- 
tion” 

Howarp Stevens, Rensselaer Polytechnic Institute, ‘An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates”’ 


1917 


1919 


1920 


1921 


1923 


1924 


1925 


1926 


1927 


1928 


1929 


1930 


1931 


1932 


1933 


1934 


1925 


1926 


1927 


1928 


1930 
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M. ApvaMm, Louisiana State University, “The Adaptability of 
the Internal Combustion Engine to Sugar Factories and 
Estates”’ 

H. R. HammMonp C. W. Pennsylvania State 
College, ‘Study of Surface Resistance With Glass as the 
Transmission Medium” 

C. F. Lex and F. G. Hampron, Stanford University, ‘“‘An 
Experimental Investigation of Steel Belting”’ 

W. E. Hewmick, Stanford University, ‘“‘An Experimental 
Investigation of Steel Belting’’ 

Howarp G. ALuLen, Cornell University, ‘‘Wire Stitching 
Through Paper” 

Karu H. Wuire, University of Kansas, ‘‘Forces in Rotary 
Motors”’ 

Ricuarp H. Morris anp ALBERT J. R. Houston, University 
of California, ‘‘A Report Upon an Investigation of the Herschel 
Type of Improved Weir” 

CHARLES F. OtmstTEeapD, University of Minnesota, ‘‘Oil Burn- 
ing for Domestic Heating”’ 

H. E. Doouitrie, University of California, ‘‘The Integrating 
Gate: A Device for Gaging in Open Channels” 

GeorGE Stuart CLARK, Stanford University, Methods 
Used for the Determination of the Gasoline Content of Ab- 
sorption Oils in Absorption Plants”’ 

L. J. FRANKLIN AND CHARLES H. Situ, Stanford University, 
“The Effect of Inaccuracy of Spacing on the Strength of 
Gear Teeth” 

Harry Pease Cox, Jr., Rensselaer Polytechnic Institute, 
“A Study of the Effect of End Shape on the Towing Resis- 
tance of a Barge Model” 

W. S. Montcomery, Jr., E. Ray Enpers, Jr., Pennsyl- 
vania State College, ‘‘Some Attempts to Measure the Drawing 
Properties of Metals”’ 

R. E. Peterson, University of Illinois, ‘‘An Investigation of 
Stress Concentration by Means of Plaster of Paris Specimens”’ 
Crecit G. Hearp, University of Toronto, ‘‘Pressure Distribu- 
tion Over U. S. A. 27 Aerofoil With Square Wing Tips Model 
Tests” 

Atrrep H. Princeton, ‘‘Evaporative Cooling” 
RoGer Irwin Esy, University of Washington, ‘‘Measurement 
of the Angular Displacement of Flywheels”’ 

CLARENCE C. FrancK, Johns Hopkins University, ‘‘Condition 
Curves and Reheat Factors for Steam Turbines”’ 

FRANK VERNON BistTrom, University of Washington, ‘‘An 
Investigation of a Rotary Pump” 

Wuire, University of Washington, ‘“‘An 
Investigation of a Rotary Pump” 

Gerarp CLaussEn, Polytechnic Institute of Brooklyn, 
‘High-Temperature Oxidation of Steel’’ 

Harotp L. Apams Ricwarp L. Stitru, University of 
Washington, ‘‘A Wind Tunnel for Undergraduate Laboratory 
Experiments” 

JuLtes Popnossorr, Polytechnic Institute of Brooklyn, 
“Pressure and Energy Distribution in Multi-Stage Steam 
Turbines Operating Under Varying Conditions” 

H. E. Foster, Jr., University of Tennessee, ‘‘Factors Affecting 
Spray Pond Design” 

Wiiuiam A. Mason, Stanford University, ‘‘An Experimental 
Investigation of the Flame Propagation in Internal-Combus- 
tion Engines”’ 

Huco V. Corp1ano, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of Alloys” 
James A. Ostranp, Jr., Princeton University, ‘Sudden 
Enlargement in the Open Channel” 

H. Reynotps Hvupson, Georgia School of Technology, 
‘‘Dynamic Balance and Functional Utility Applied to Auto- 
motive Design.” 


CHARLES T. Matn AWARD 


CLEMENT R. Brown, Catholic University of America. Sub- 
ject: “‘The Influence of the Locomotive on the Unity of the 
United States”’ 

W. C. Saytor, Johns Hopkins University. Subject: ‘“‘The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years”’ 

No award. Subject: ‘Scientific Management and Its Effect 
Upon the Industries” 

Ropert M. Meyer, Newark College of Engineering. Sub- 
ject: “Scientific Management and Its Effect Upon Manu- 
facturing” 

JuLes Popnossorr, Polytechnic Institute of Brooklyn. Sub- 
ject: “‘The Value of the Safety Movement in the Industries” 
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1931 Rosert E. Kutse, University of Michigan. Subject: ‘Inter- 
changeability—Its Development and Significance in Industry” 
1932 MarsHALL ANDERSON, University of Michigan. Subject: 1927 
“Apprenticeship and Vocational Training” 1928 
1933 GrorGe D. WiLkinson, Jr., Newark College of Engineering. 1929 
Subject: ‘Progress in the Prevention of Smoke and Atmos- vor 
1932 


pheric Pollution” 


FREEMAN TRAVEL SCHOLARSHIP 


Hersert N. Eaton 
BuakeE R. Van LEER 
Rosert T. Knapp 
REGINALD WHITAKER 
G. Ross Lorp 


1934 P. Colorado State College, ‘‘Air Conditioning— 1933 3, Come 
Its Practicability and Relation to Public Welfare.” 1934 aren : 
Honorary Members 
HONORARY MEMBERS IN ELECTED DIED ELECTED DIED 
PERPETUITY Str Dovetas Fox . 1900 1921 WILLIAM StemMans . 1882 1883 
ALEXANDER LyMAN Ho.tey, Founder of the JOHN Riptey FREEMAN . 1932 1932 Viscount Suipusawa 1929 1931 
Society. Died 1882. . 1900 1913 Henry Rosinson Towne . 1921 1924 
Joun Epson Sweet, Founder of the Society, .Masor-Generat Henri TRESCA....... 1882-1885 
Died 1916. Wasuineaton GorrHALs . . 1917 1928 CawTHoRNE Unwin 1898 1933 
Henry Rossirer WorTHINGTON, Founder of FRANZ GRASHOF ..... 1884 1893 OsKAR Von . 1912 1934 
the Society. Died 1880. Rear-ADMIRAL ROBERT STAN- Francis A. WALKER . . 1886 1897 
ISLAUS GRIFFIN. . ... . 1920 1933 Reep WARNER . 1929 
Orro HALLAUER ...... 1882 1883 EORGE WESTINGHOUSE . . . 1 1914 
DECEASED HONORARY MEMBERS Cuar.tes Haynes Haswett . 1905 1907 Sir Wituiam Henry Waite . 1900 1913 
ELECTED DIED FrizpricH GusTAV HERRMANN 1884 1907 Sir ALFrepD FERNANDEZ YAR- 
Horatio ALLEN . 1880 1889 Gustav ApoLpH Hirn. . . 1882 1890 « « 1914 1932 
Srr WILLIAM ARROL. . . 1905 1913 JosepH . . 1889 1901 
Str BENJAMIN BAKER . . 1886 1907 Irma N. Hous ...... 1928 1930 LIVING HONORARY MEMBERS 
JOHANN BAUSCHINGER . . 1884 1893 Rosert Wootston Hunt . . 1920 1923 ELECTED 
Str Henry BESSEMER. . . 1891 1898 Bernsamin FRANKLIN ISHER- Str Aupiey FREDERICK As- 
. 1884 1903 Henri L&auTté....... 1891 1916 WALLACE ATTERBURY . 1925 
JoHN ALFRED BRASHEAR . . 1908 1920 Erasmus Darwin Leavitr. 1915 1916 Mortimer Etwyn Cootey . . . 1928 
GusTAVE CANET . 1900 1908 AnaToLE MALLET ..... 1912 1919 FrepERICK DuRAND . . 1934 
ANDREW CARNEGIE . . . 1907 1919 CHartes H. MANNING 1913 1919 CHARLES DE FREMINVILLE « 
DaniEL KINNEAR CLARK . 1882 1896 Rear-ApmMIRAL GEorGE WAL- NATHANAEL GREENE HERRESHOFF . 1921 
Jutius EMMANUEL LACE ..... 1910 1912 Hersert CLARK Hoover... . 1925 
CLaAvusIUs . 1882 1888 THe HonoRABLE Str CHARLES Davip ScHENCK JACOBUS . . 1934 
Str Coope . 1889 1892 ALGERNON Parsons... 1920 1931  Masawo Kamo . 1929 
PETER CooPER . . .. . . 1882 1883 TALBoT PorTER . 1890 1910 Henri Le CHATELIER 
1912 1913 Aveuste C. E. RatTeav . 1919 1930 P1IoPERRONE 1920 
RupouepH DigseEL...... 1912 1913 Srr Epwarp J. Reep . 1882 1906 CHARLES M. ScHwaB 
... . . 1886 1906 Franz REULEAUX... . 1882 1905 AmBRosE SwWASEY . 1916 
Victor DweELsHAUVERS-Dery 1886 1913 CaLvin Winsor RICE . . 19381 1934 Exnmu THomson....... . 1930 
Tuomas Atva Epison. .. . 1904 1931 Paumer C. Ricketts 19381 1934 Samuget Matrruews VAUCLAIN . 1920 
ALEXANDRE GusTAVE EirreL . 1889 1923 Henri ADOLPHE-EUGENE Rieur HONORABLE Lorp WEIR . 1920 
MarsHAL FERDINAND FocH 1921 1929 SCHNEIDER . . 1882. 1898 OrvILLE WRIGHT . 1918 


Past-Presidents 


A list of past vice-presidents, managers, treasurers, and secretaries 
will be found in the 1930 Record and Index, pages 10-12. Dates in 


parentheses denote year of death. 


ALEXANDER LyMAN Ho ey, Chairman of the Preliminary Meeting for 
Organization of The American Society of Mechanical Engineers (1882) 


1880-1882 Rospert Henry THurstTon (1903) 


1883 
1884 
1885 
1886 
1887 
1888 
1889 
1890 
1891 
1892 
1893-1894 
1895 
1895 
1896 
1897 
1898 
1899 
1900 
1901 
1902 
1903 
1904 
1905 


Erasmus Darwin Leavitt (1916) 
Joun Epson Sweet (1916) 
Josgepuus Fiavius Hotioway (1896) 
CoLEeMAN SELLERS (1907) 

Gerorce H. Bascock (1893) 
Horace See (1909) 

Henry Rosinson Towne (1924) 
OBERLIN SmitH (1926) 

Rosert Woo.tston Hunt (1923) 
HarpinG Lorine (1907) 
Brixton Coxe (1895) 
Epwarp F. C. Davis (1895) 
CHARLES ETHAN BILLINGs (1920) 
Joun Fritz (1913) 

Worcester Reep WARNER (1929) 
CHARLES Hont (1911) 
GrorGe WALLACE MELVILLE (1912) 
Caries Hitt Moraean (1911) 
Samug. T. WELLMAN (1919) 
Epwin Reynoups (1909) 

James Mares Dopce (1915) 
AMBROSE SWASEY 

Joun Riptey FREEMAN (1932) 


1906 
1907 
1908 
1909 
1910 
1911 
1912 
1913 
1914 
1915 
1916 
1917 
1918 
1919 
1920 
1921 
1922 
1923 
1924 
1925 
1926 
1927 
1928 
1929 
1930 
1931 
1932 
1933 
1934 


FREDERICK WINSLOW TAYLOR (1915) 
FREepeRICK Remsen Hutton (1918) 
MInarp LAFEVER HoLMAN (1925) 
Jesse Merrick Smita (1927) 
GrorGEe WESTINGHOUSE (1914) 
Epwarp Danie. Meter (1914) 
ALEXANDER CroMBIE HumMpHREYS (1927) 
WILLIAM FreeMAN Myrick Goss (1928) 
James HartTness (1934) 

ALFRED BRASHEAR (1920) 
Davip ScHENCK JACOBUS 

Ira Newtson Ho.t.is (1930) 
CHARLES THoMAS MAIN 

Mortimer Etwyn Coo.ey 

Frep J. MILueR 

Epwin S. CARMAN 

DeExTER Simpson KIMBALL 

Joun Lyte HARRINGTON 
FrepErRIcK Rouiuins Low 

WituiaM Freperick DuRAND 
Lamont 

CuHarR.Les M. 

Dow 

AMBROSE SPERRY (1930) 
CHARLES (1933) 

Roy V. Wrieut 

Conrap N. LAUER 

A. A. Porrer 

Paut Dory 
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Abbreviations and Symbols.............. RI-23 
Acoustical Measurements and Terminology. RI-26 
Administrative, Special.................. RI-8 
RI-7 
Advisory Board on Standards and Codes... RI-7 
Advisory Board on Technology........... RI-7 
Aeronautic Division, Executive... ee 


Alfred Nobel Prize... 
Allowances and Tolerances for Cylindrical 


Parts and Limit Gages................. RI-25 
American Association for the Advancement 

American Bureau of W elding. P ... RI-29 
American Engineering Council............RI-29 
American Standards Association..........RI-29 
American Year Book Corporation.........RI-29 
Amusement Parks, Safety Code........... RI-28 
API-ASME on Unfired Pressure Vessels.... RI-7 
Applied Mechanics Division, Executive.... RI-9 
Ash Removal From Powdered-Coal Fur- 

Oil Pipe Stations. RI-21 
Ball and Roller Bearings. . : .. RI-22 
Bearings, Heavy-Duty Anti- Frict tion. .. RI-21 
RI-8 
Board of Review (Delinquent Members)... RI-7 
Boiler Code RI-6 
Boiler Code, Executive...... 
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Memorial Notices 


HIS group of memorial notices contains records of members of the Society whose 
deaths occurred prior to 1935, but concerning whom material was not ready for 
publication when the 1934 Transactions was issued. In fact, it is still necessary to 
delay the publication of obituaries of a number of members who died in 1933 and 1934 
because sufficient information has not been secured. 

There are a number of sources from which biographical material concerning engi- 
neers may be secured, but the Transactions of the A.S.M.E. is naturally the only place 
in which obituaries of all deceased members of the Society appear. Special care is 
therefore given to the preparation of these memorials and no obituary is published 
until as complete a record as possible has been secured. 

The first source of information is the application file of the Society. In the case of 
those who have become members during recent years, the applications usually yield 
fairly complete records. The applications of those who became members in the early 
days of the Society are not as detailed, however, and these are the cases which often 
present considerable difficulty. The member may have been retired for some years 
prior to his death, so that business associates cannot be located, and in some cases 
members of his family cannot be found. Only by following up every slightest lead 
can even the main facts be assembled, and a long period may therefore elapse between 
the time of a member’s death and the completion of his memorial. 

The Society appreciates the assistance that has been given by relatives, ’>usiness 
associates, and friends in the preparation of these memorials. It also acknowledges its 
debt to such sources as Who’s Who in Engineering, Who’s Who in America, and simi- 
lar publications; the National Cyclopedia of American Biography and New Inter- 
national Year Book; the technical and daily press; and to engineering and other 
societies which have supplied information from their records. 

Relatives, business associates, and Local Section and Student Branch officers are 
urged to notify the Society promptly of the deaths of members. Newspaper clippings 
or obituaries in any other form should be sent whenever available and the names and 
addresses of those who can supply further information should be furnished. A special 
form for supplying complete details will be forwarded by the Office of the Society upon 
request. 
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Life of Calvin Winsor Rice 


TRICKEN at his desk in the midst of his daily work, 
and in the building which his vision, enthusiasm, and 
energy had greatly helped to bring into being as a head- 
quarters for the professional engineering societies of the United 
States, Calvin Winsor Rice, honorary member and for twenty- 
eight years secretary of The American Society of Mechanical 
Engineers died as a result of cerebral hemorrhage on October 2, 
1934, a few hours after his removal to a nearby hospital. 
Although he had won distinction as an electrical engineer in 
the practice of that profession prior to 1906, he will be most 
widely remembered for his services to The American Society of 
Mechanical Engineers as its secretary and for his vision and 
leadership in that office, which not only developed the Society 
greatly in numbers and in virility, but the entire engineering 
profession as well. For the spirit of cooperation with which he 
worked brought together the numerous individually organized 
groups of engineers in joint activities for common purposes. 
Of this spirit, the Engineering Societies Building in New York 
is a substantial anc glorious monument, the physical embodiment 
of that vision and idealism that were Dr. Rice’s most abundant 
gifts. 


His QUALITIES IN PROFESSIONAL-SOCIETY ORGANIZATION 


At the time Dr. Rice was made an honorary member of The 
American Society of Mechanical Engineers, in December, 1931, 
Dr. Karl T. Compton, president, Massachusetts Institute of Tech- 
nology, delivered an address on his work in professional-society or- 
ganization and paid a splendid tribute to this phase of his career. 
In the address, which was published in the January, 1932, issue of 
MEcHANICAL ENGINEERING, Dr. Compton listed six essential 
qualifications for leadership in engineering-society organization 
which Dr. Rice possessed to a marked degree: (1) The ability 
and desire to cooperate with others; (2) the ability and judgment 
to recognize a good project when it was suggested; (3) initiative 
and drive to carry a project through to completion; (4) daring 
to undertake an audacious project, once convinced of its merit; 
(5) originality of thought; and (6) ability to organize, to delegate 
authority, and to spur others on to take active part in the affairs 
of the Society. Dr. Compton listed in addition four principles 
that were basic to Dr. Rice’s philosophy of society organization 
and operation: (1) Unselfish cooperation with related societies; 
(2) planning actively for the future, so that development might 
not be haphazard, and so that opportunities for development 
in the desired direction might be quickly and firmly grasped when 
they presented themselves; (3) giving the most effective service 
to the members of the profession; and (4) leading the profession 
in rendering the most valuable possible service to society. The 
great number of engineers who knew Dr. Rice were conscious of 
these elements of his character and these principles of his philoso- 
phy. 

His INTERNATIONAL REPUTATION 


One characteristic feature of his career, resulting from these 
personal qualities, brought distinction to him, to the society he 
served, to his country, and to the profession of engineering. 
This was his relationship with engineers in this and other coun- 
tries. In Great Britain, in Europe, in Mexico and South America, 
and in the Orient, Dr. Rice was well known in engineering circles. 
He traveled frequently in the discharge of his duties, and his 
office in New York was a focal point upon which converged the 
paths of engineers, eminent and obscure, who came to the United 
States. He was never too busy to give letters of introduction to 
engineers from abroad, or to engineers of this country planning 


to travel in Europe. Members of the Society frequently found 
that letters from Dr. Rice were more effective in gaining for them 
admission to some foreign plant or factory thaa similar letters 
from business men and engineers in the country they were 
visiting. The bread of hospitality and service he continually cast 
upon the waters wherever he happened to be returned in abun- 
dant measure to him by way of courtesies shown all over the world 
to those for whom he bespoke consideration. In students coming 
to this country Dr. Rice had great interest, going out of his way 
to have arranged for them itineraries of plant visits and advising 
them on educational and professional programs. These active 
international relationships brought Dr. Rice into high esteem, 
both here and abroad, and year by year added to the list of those 
beholden to him for help, advice, and innumerable lesser courte- 
sies. 


SieniFIcANT Events IN His CAREER 


Dr. Rice was born at Winchester, Massachusetts, on Novem- 
ber 4, 1868, the son of Edward Hyde and Lucy J. (Staples) Rice. 
After attending public schools in Boston, New Haven, and Win- 
chester, he spent four years as a student in the Massachusetts 
Institute of Technology, from which he was graduated in 1890 
with the degree of bachelor of science in electrical engineering. 
He then held, successively, positions as assistant engineer in the 
power and mining department of the Thomson-Houston Com- 
pany in Lynn; as engineer in the General Electric Company 
in Schenectady; district engineer for that company in Cin- 
cinnati; engineer with the Silver Lake Mines in Colorado; 
consulting engineer for the Anaconda Copper Mining Company 
in Anaconda, Montana; electrical engineer of the Kings County 
Electric Light and Power Company, and later with the New 
York Edison Company and the Consolidated Subway Com- 
pany; vice-president of the Nernst Lamp Company; consulting 
engineer with the General Electric Company in New York. It 
was from this rich and varied experience in electrical, hydraulic, 
and steam engineering, combined with managerial and adminis- 
trative work, that Dr. Rice was called to the secretaryship of the 
A.S.M.E. in 1906. 


Tue ENGINEERING Societies IN New York 


Dr. Rice became a memberx of the A.I.E.E. in 1897, and was 
active in its affairs. In 1900 he joined the A.S.M.E. The story 
of his part in the bringing together of the engineering societies in 
a common headquarters building in New York and of the manner 
in which the funds were secured was told by Dr. Compton in his 
tribute to Dr. Rice previously referred to. Dr. Compton said: 


In 1902, as chairman of the Building Committee of the A.I.E.E., he 
called a dinner meeting of the committee, together with the president 
of the A.I.E.E., Prof. Charles F. Scott, and several others, to discuss 
plans for a modest building for the Institute, primarily to house the 
Latimer Clark Library, which had been presented to the Institute by 
Dr. 8. 8. Wheeler on the condition that a fireproof building be secured 
to house it. The Committee had, at that time, definite prospects of 
only about $250,000. When President Scott suggested that considera- 
tion be given to the possibility of a building for housing the four 
National Engineering Societies, with a common library and a common 
auditorium and individual rooms for the headquarters of each society, 
doubts were expressed as to whether the four societies could be 
brought into such a cooperative project. 

Strenuous efforts, which were at the last minute successful, were 
made to get Mr. Andrew Carnegie as a guest at the next annual dinner 
of the Institute. At this dinner President Scott outlined his ambitious 
plan and pointed out its fine features—including the library. 

The next day Mr. Carnegie asked Dr. Rice to come to his residence 
at five o'clock, and Dr. Rice, with characteristic thoughtfulness for 
others, as well as admiration for the lofty character of his president, 
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brought with him Professor Scott. There Mr, Carnegie asked them 
further about the work of the Institute, about the finances of the 
engineering societies, about the relation of the proposed building to the 
Engineers’ Club (of which he was a member). Dr. Rice cleverly in- 
ferred that an obstacle in Mr. Carnegie’s mind was the securing of the 
land, for the latter was not in the habit of buying the land on which 
the libraries which he donated were built. Dr. Rice then optimis- 
tically remarked that the Engineering Societies would be able to 
provide the land, whereupon Mr. Carnegie gave a cheerful smile and 
said, “‘If you can provide the land, I will put up the building.’’ Dr. 
Rice was made chairman of the building fund. 

Then the money had to be raised to buy the land; complications 
and difficulties in perfecting the organization and developing the 
plans had to be overcome. In the words of Professor Scott, ‘‘Mr. 
Rice’s devotion to the idea of a building for the Institute and his skill 
in directing the early conference with Mr. Carnegie and his enthusi- 
astic and faithful assistance in subsequent service to the Institute in 
carrying out the project were fundamental factors in the creation of 
the Engineering Societies Building and the separate building for the 
Engineers’ Club.” 


Tue Ketvin MemoriAu 


Among other incidents that illustrate Dr. Rice’s faculty of 
initiating projects that bore fruitful results may be mentioned the 
Kelvin Memorial Window, in Westminster Abbey, told by Dr. 
Compton in the A.S.M.E. address, and the establishment of the 
Officers’ Reserve of the United States Army, a brief account of 
which was contained in a letter by the late Gen. William Barclay 
Parsons published in The Military Engineer for March-April, 
1931. Dr. Compton’s account of the Kelvin Memorial Window 
is as follows: 


In 1910 Dr. Rice had a most unique experience, an account of which 
has never before been published. That year the A.S.M.E. made a 
return visit to the Institution of Mechanical Engineers at their 
Birmingham meeting. Remembering that in a modest way the 
A.S.M.E. had contributed to the memorial window in Westminster 
Abbey to Sir Benjamin Baker, honorary member, A.S.M.E., Dr. 
Rice wrote to the Dean asking if it would be permissible for the mem- 
bers of the A.S.M.E. when passing through London on a certain Sun- 
day, to visit the Abbey and view the window. Not only was per- 
mission granted but a special service was arranged, with a sermon on 
engineering by the Bishop of Lewes, and on this occasion the ‘‘Halle- 
lujah Chorus” was rendered by the full surpliced choir. The event 
was further made memorable by having the A.S.M.E. audience ar- 
ranged in a semi-circle about the memorial window, the movable 
pulpit having been placed beside it. 

Dr. Rice noticed that every window in the entire Abbey, save one, 
was a memorial window. The unappropriated window was apparently 
an original plain-glass window and was very dull by comparison. 
The next day Dr. Rice called on the Dean to express gratitude, and in 
conversation commented on the unoccupied window. The Dean im- 
mediately responded that the Abbey would appreciate a gift of a 
memorial window. Dr. Rice thereupon sensed the situation and 
offered a window, knowing it would be an easy matter to collect from 
the entire English-speaking world an amount sufficient to install a 
window to an engineer. 

Dr. Rice proposed a window to his friend Lord Kelvin as one mu- 
tually desired by the Abbey and by engineers. Consistently he ar- 
ranged that this memorial be provided through the cooperation of the 
engineering bodies of Great Britain and the United States. Having 
obtained instant approval of influential persons in England, he used 
the same method in the United States, and, when the undertaking 
was assured, placed the whole proposition in the hands of the Institu- 
tion of Civil Engineers, the oldest and most important engineering 
organization in the world, for announcement of the popular sub- 
scription. 

The result was so successful that not only was the window provided 
but the Kelvin Medal was founded. This is probably the only joint 
undertaking of this nature by the English-speaking world. 


THE Orricers’ RESERVE 


In a letter to General Parsons, Dr. Rice said that he had 
commenced agitation for an Officers’ Reserve in 1902, when he 
went to Washington to take the matter up with Gen. Nelson A. 
Miles, then Chief of Staff. He was unsuccessful, but he kept 
repeating his suggestion up to 1914. From General Parson’s 
letter in The Military Engineer the following passages are quoted: 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


By the end of the year 1914, there were some engineers who per- 
ceived that the world was in for a long period of war and that no 
matter what position of neutrality the United States might for a while 
assume, it would probably inevitably be drawn into the conflict. 
Mr. Calvin W. Rice, secretary of The American Society of Mechani- 
cal Engineers, had this view and became firmly impressed with the 
belief that the engineers should be organized for action. 

After conferring with Major-General Leonard Wood, ther com- 
manding the Department of the East, Mr. Rice organized a luncheon 
in February, 1915, at which were present, besides Mr. Rice, Dr. 
Henry S. Drinker, President of Lehigh University, Mr. Elmer E. 
Corthell, Mr. Ralph Mershon, Mr. Bradley Stoughton, and a few 
others, with General Wood as the guest of honor. On being asked for 
advice, General Wood pointed out that for many years there had been 
established, as part of the Army, a Medical Officers’ Reserve Corps, 
who were duly commissioned in the Army and who were subject to 
call to duty in case of war and in times of peace with their consent. 
This Reserve had been found to be most beneficial, as officers were 
drawn from it at times of emergency and then could return to private 
life when the stress was passed. He showed that engineers, like 
doctors, were always mobilized for the practice of their profession 
and that an Engineer Officers’ Reserve, parallel to the Medical Offi- 
cers’ Reserve, might be established. 

This suggestion of General Wood’s was promptly taken up, and 
committees were appointed on behalf of the engineering societies. 
... These committees were immediately organized and began to 
work, but it was found more expedient to form a central executive and 
operating committee of the chairmen of the separate committees. 
... The Chairman of the Joint Committee [Wm. Barclay Parsons] 
and the Committee proceeded to Washington to lay the proposed 
plan before the War Department. The Committee went with some 
misgivings as to how such a radical suggestion, emanating from 
civilians, would be received. Their misgivings, however, were quickly 
dispelled. The Secretary of War, Mr. Lindley M. Garrison, received 
them cordially and sympathetically and presented them to Major- 
General Hugh L. Scott, then Chief of Staff. General Scott, after 
hearing what the chairman had to say, introduced him to Major- 
General Tasker H. Bliss, Assistant Chief of Staff. General Bliss 
listened attentively and with much interest, and at the conclusion of 
a long interview sent for Major W. D. Connor, now Major-General 
Connor, an officer of the Corps of Engineers attached to the General 
Staff. General Bliss instructed Major Connor to confer with Mr. 
Parsons and to prepare a joint report for submission. When this was 
done, General Bliss studied it carefully and said, ‘‘You have proved 
your case for engineers, but why limit it to them? It has always 
been my wish that there should be established a general reserve as 
part of the Army of the United States.’”’ He then returned the report, 
asking them to make a plan for such a general reserve. . . . 

The outcome was that the joint committee reported to the five 
societies under date of June 23, 1916, that ‘‘a bill, which recently 
passed the Congress, has been signed by the President and will be- 
come effective July 1, 1916. This bill, known as the Army Reorgani- 
zation Act of 1916, contains provisions for the organization of an 
Officers’ Reserve, including the engineers.” 

Thus a movement initiated by Mr. Rice, put into concrete form by 
General Wood, and carried into execution by the Committee of the 
Engineering Societies, was authorized by law. 


Dr. Rice, in his modest manner, was very proud of the ~art 
he played in the establishment of the Officers’ Reserve. He was 
commissioned a major in the Officers’ Reserve Corps in 1922 and 
a Lieutenant-Colonel in 1929. 


His AFFILIATIONS 


Inspired by the work and character of Dr. Oskar von Miller, 
distinguished director of the Deutsches Museum, for whom he had 
a warm affection and high regard, Dr. Rice became interested in 
the educational possibilities of exhibits of the industrial arts. 
This brought him into active working contact with a group of 
men of enthusiasm and vision who established what is now the 
New York Museum of Science and Industry. As honorary secre- 
tary and a member of the board of this institution he gave freely 
of his energy and advice up to the time of his death. 

To his Alma Mater he gave his services as member of the 
Corporation of the Massachusetts Institute of Technology and 
chairman of the visiting committee of the department of mechani- 
cal engineering of that institution. His broad acquaintanceship 
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among engineers brought him into close contact with other 
institutions, for his advice was frequently sought when a professor- 
ship, a deanship, or a presidency was to be filled. 


HONORS AND PROFESSIONAL CONTACTS 


In addition to membership in the A.S.M.E. and the A.I.E.E., 
of which he was a former vice-president, Dr. Rice was a member 
of many other engineering and professional societies. He was 
an honorary member of the association of members in Argentina 
of the National Engineering Societies; of the Koninklijk Insti- 
tuut van Ingenieurs, of Holland; of the Club de Engenharia, 
of Rio de Janeiro; of the American Society of Safety Engineers; 
of the Masaryk Academy, Czechoslovakia; and of the Deutsches 
Museum, Munich, Germany. He was corresponding member of 
the Instituto de Engenieros de Chile and of the Technisches 
Museum, of Vienna. In 1915 he served as a member of the Jury 
of Award of the Panama-Pacifie Exposition. In 1922 he received 
a gold medal at the Centennial Exposition of Brazil. On him 
were bestowed the Order of the White Lion of Czechoslovakia, 
and the Golden Ring of Honor of Bavaria. He was a fellow of 
the American Association for the Advancement of Science, and 
a member of the Institution of Electrical Engineers, of London, 
and of the New York Electrical Society. His well-known in- 
terest in research won for him membership in the division of en- 
gineering and industrial research of the National Research Coun- 
cil, and the position of National Counselor of the Purdue Re- 
search Foundation. 

As a delegate of The American Society of Mechanical Engineers 
to the Seventy-Fifth Anniversary of the Verein deutscher Inge- 
nieure, held in Cologne, in 1931, he was the recipient of a medal 
of honor “in appreciation of his services to technical-scientific 
achievement, particularly in promoting the mutual international 
interests of the engineers of the entire world.” Among other 
honors in Germany he received the honorary degree of Doctor of 
Engineering (Dr.-Ing. E. h.), from the Technische Hochschule, 
of Darmstadt, Germany, in 1926. 

Dr. Rice married Ellen M. Weibezahn, of Winchester, Mass., 
August 6, 1904, who, with his children, Edward Winslow and 
Marjorie Charlotte, survives him. 


TRIBUTE OF THE A.S.M.E. CovunciL 


A tribute to Dr. Rice was presented at the Business Meeting 
of the Society in December, 1934, in behalf of the committee of 
three past-presidents, Dexter 8. Kimball, chairman, D.S. Jacobus, 
and Alex Dow, appointed for this purpose at the October 24 meet- 
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ing of the Executive Committee of the Council of the Society. 
The tribute follows: 


In the passing of Calvin Winsor Rice this Society has suffered an 
irreparable loss and many of its members have lost a kind friend and a 
wise advisor. To some of us who have been close to him for many 
years it does not seem possible that we shall never again see his cheer- 
ful smile, never again feel the hearty clasp of his hand, and never 
again see his bold signature at the end of a letter. 

The accomplishments of his long and busy life are well known and 
will be recorded elsewhere, but it is very fitting that we should here be 
reminded of the great work that he performed in building up this So- 
ciety. In season and out of season he labored wholeheartedly, and 
much of the success and reputation of The American Society of 
Mechanical Engineers is due to his foresight and faithfulness. Nor 
has this Society alone been benefited by his work. He had long been 
a source of information and inspiration to all who were concerned 
with the affairs of the engineering profession. 

Especially should we remember that the existence of the Engineer- 
ing Societies Building that has done so much to stimulate and con- 
solidate the engineering fraternity is largely the result of his en- 
thusiasm and diplomacy. As a consistent and energetic promoter 
of the life within the walls of this building, his work has been pre- 
eminent and will ever be remembered. 

Mr. Rice was a man of remarkably broad and sympathetic nature. 
All good works claimed his attention and support and his range of 
activities was surprisingly great, both in this country and abroad. 
As a natural result he had a world-wide host of friends and acquain- 
tances. He had indeed a peculiar ability to make friends of all manner 
of men. Few men in any walk of life have made so many personal 
contacts as he, and this in no small way redounded to the credit and 
reputation of the Society. The loss of these many connections can 
never be regained. 

He was particularly considerate of young men and their problems. 
Many such sought him out for the advice and help that never failed 
and which was given freely and graciously. His unfailing good humor 
and his patience, diplomacy, and steadfastness, even when under 
criticism, fitted him admirably for the great work that he accom- 
plished as secretary of the Society. 

The engineering fraternity has lost a distinguished member, the 
Society has lost a great leader, and many of us have lost a friend and 
counselor. Because of such men the race makes progress, and the 
world is the better for his presence. And his work will endure. The 
labors of no man, who builds so intelligently and industriously as he, 
are ever lost but become a part of the inheritance of the race. ‘‘Though 
he were dead, yet shall he live.’’ It is for those of us who remain to 
build upon the work he directed, so long and so well, the greater and 
more serviceable society that he always visualized, weaving into it 
not only technical excellence, but also the fine human qualities that so 
marked his personality. 


‘*Build thee more stately mansion, O my Soul! 
As the swift seasons roll! 
Leave thy low-vaulted past! 
Let each new temple, nobler than the last, 
Shut thee from heaven with a dome more vast, 
Till thou at length art free, 
Leaving thine outgrown shell by life’s unresting sea!” 
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Dr. Calvin W. Rice’s Contribution to International 


Friendliness’ 


By JOHN H. FINLEY? 


T has been announced that I am to give a lecture, but what I 
shall say will not deserve such a formal or didactic descrip- 
tion. It will, I hope, the rather be but as a preface to a series 

of lectures to bear the name of Calvin Rice—lectures devoted to 
the causes to which he gave himself, soul, mind, and body. 
It will so be that though dead he will yet speak on through the 
years and even centuries, in which we cannot doubt that the earth 
will be under a unified planetary physical control of engineers 
with Rice’s humanizing and coordinating spirit, so far as man is 
progressively able to master the forces of nature. 

Prometheus, the first of engineers, the demi-god as Shelley 
recounts his alleviation of man’s estate, 


brought the fire to man, tortured to his will iron and gold, the 
slaves and signs of power, found what was hid beneath the mountains 
and the waves... gave science... taught the implicated orbits 
woven of the wide-wandering stars ... taught to rule the tempest- 
winged chariots of the ocean and made the Celt to know the Indian 
... Cities were built and through their snow-like columns flowed 
the warm winds and the azure ether shone and the blue sea and 
shadowy hills were seen. 


But these were only the beginnings of the ministry of the engi- 
neer. He was a Titan in the Greek myth, this half-god, half- 
man who secreted the fire in a rod of fennel and carried it to mor- 
tals, as later the modern engineer, whose name meant originally 
the man of genius, caught the fire of electricity and carried it in a 
wire to the inhabitants of all the earth—the mythical precursor of 
the engineer who has equated the unknown from the known by 
algebraic signs and evoked the seen from the unseen by di- 
vinations of intersecting lines and incantations of logarithms. 

Prometheus is no longer bound. A Titan he is free to avail of 
all that his mind can bring forth to light. You remember into 
what a rapture Shelley rises at last in his “Prometheus Un- 
bound,” 


To suffer woes which Hope thinks infinite; 
To forgive wrongs darker than death or night; 
To defy Power, which seems omnipotent; 

To love, and bear; to hope till Hope creates 
From its own wreck the thing it contemplates; 
Neither to change, nor falter, nor repent; 
This, like thy glory, Titan, is to be 

Good, great and joyous, beautiful and free; 
This is alone Life, Joy, Empire, and Victory. 


It was a Promethean labor that Calvin Rice, Engineer, protago- 
nist of engineers, friend of all mankind, performed, yet happily 
without Promethean suffering or “withering in destined pain.” 
He went in the midst of his joyous planetary employment, con- 
scious of the appreciation and the goodwill of the world which he 
was leaving. 

I have often used the phrase “planetary consciousness” as 
something deeper than international-mindedness, importing a 
basic human relationship without regard to race or nationality. 
I think from what I have heard that few possessed that con- 
sciousness more highly developed than Calvin Rice—and not 
merely as an official acquaintanceship. Dr. A. B. Hart, Professor 
of Government Emeritus in Harvard University, has sent me a 


1 Extracts from address delivered on December 5, 1934, during 
the Annual Meeting, New York, N. Y., of The American Society of 
Mechanical Engineers. 

2 Associate Editor of the New York Times. 


letter which illustrates that particular phase of the life of Calvin 
Rice: 


I have received the invitation to be present at your address in the 
Calvin W. Rice Lecture Series on ‘International Friendliness.” 
Surely that term is applicable to Mr. Rice, who belonged to the large 
group of international scientific men; for whatever race, condition, 
language, or government, there is but one world group composed of 
those who adhere to the principles of that modern religion which is 
founded on the establishment, recognition, and application of truth. 
A more candid man than Calvin W. Rice could not be found, and he 
was a remarkable example of the international spirit of personal 
goodwill, of recognition of achievements, and of distribution of the 
results of research and generalization for the common welfare of 
mankind. 

It is that universality of research, that generous distribution of the 
results of research throughout the world which characterizes the 
science of the Twentieth Century. 

Added to that indelible search for and acceptance of the truth was 
the personal side of the man—the humor, the good temper, the fore- 
casting, the belief in the universality of research and of learning 
Calvin W. Rice is a shining example of that true, indivisible, and 
universal science which is the pride of our age. 


Here are particular instances of his ‘international friendliness” 
in which his planetary consciousness of the common fate of 
mankind expressed itself—first from Dr. L. 8. Rowe, Director 
General of the Pan American Union: 


Mr. Rice was a constant and enthusiastic collaborator in the work 
of the Pan American Union. He was particularly helpful to us in 
bringing about closer relations between the engineering societies in 
Latin America and the national engineering societies of the United 
States. In the furtherance of this work he made a trip through the 
countries of South America and was warmly received everywhere. 
In devising plans for the development of closer cultural ties between 
the United States and Latin America I constantly turned to him for 
advice and suggestion. Ina word, he was one of the most efficient 
collaborators in the furtherance of the plan for closer understanding 
between the nations of this continent. 


Next a letter from the General Secretary of the Committee on 
Friendly Relations Among Foreign Students, Mr. Charles D. 
Hurrey: 


Dr. Calvin Rice was an esteemed member of our Committee on 
Friendly Relations Among Foreign Students for the past six years. 
He was never too busy to receive foreign student callers and to ad- 
vise them with reference to obtaining practical experience in engineer- 
ing before returning to their native lands. I have never known a 
more thoughtful man in writing letters of sympathy and appreciation 
to foreign student leaders; because of his world travels he was literally 
a citizen of the world and always manifested a profound respect for 
our visiting students and professors from abroad. 

Outstanding in his international services was his support of the 
plan by which several hundred German graduates of technical 
schools came to America after the war to obtain practical training 
in American industry. Dr. Rice was one of the moving spirits in 
initiating and carrying through this plan, which has established an 
abiding friendship between American industrial leaders and hundreds 
of the brightest younger business and professional men of Germany. 

I have in my files many letters from Dr. Rice, and in my memory 
is a happy recollection of many conversations in which he expressed 
a conviction that an engineer must be first a real, intelligent world 
citizen and secondarily an efficient technician. 


One more only may I read—from Dr. 8. P. Duggan, Director 
of the Institute of International Education: 
Dr. Calvin Rice was of inestimable aid to me in establishing one 


of the important activities which took place almost at the beginning 
of this Institute’s career; namely, the exchange made with France 
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of engineering professors....His own efforts in... respect (to 
securing funds) and others in connection with the exchange were of 
great value to us. 

He has since been a real friend to all our undertakings, particu- 
larly to young foreign exchange students of engineering who have 
come to study at American colleges and universities. His advice 
was eagerly sought by them and we have felt it a privilege to have 
such an authority place himself at our disposal. 
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These are only several instances of his friendship; but it is difficult 
to enumerate all the occasions when he was helpful. It is needless to 
say that the Institute and myself feel that the passing of Calvin 
Rice is an irreparable loss. 

His passing would be an irreparable loss if his life were not a 
prophecy of better human relations as well as physical comforts. 
His humanizing and coordinating spirit will live on. 
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Memorial Notices 


HAROLD FRANCIS ADAMS (1868-1934) 


Harold Francis Adams, whose death occurred at Sayville, L. I., 
N. Y., on January 30, 1934, was born at Tansborough, N. J., on 
August 3, 1868, the son of Charles Edwin and Ellen Maria (French) 
Adams. His early education was secured in the schools of Atlantic 
City, N. J. After completing high school there he studied at Pierce’s 
Business School and the Franklin Art Institute, both in Philadelphia, 
Pa., and then at the University of Pennsylvania, from which he se- 
cured a certificate of proficiency in 1897. 

During the next five years Mr. Adams was a practicing architect 
in Atlantic City. From 1902 to 1904 he was associated with Herbert 
D. Hale and H. G. Morse, Jr., in charge of their Philadelphia office 
as chief draftsman and also in charge of the work of designing the 
interior fittings of the S.S. Manchuria and 8.S. Mongolia, built by the 
New York Shipbuilding Company, Camden, N. J. During the 
following year he was employed by Wilson Eyre, of Philadelphia, 
directing the construction of a large private home in Jenkintown, Pa. 

From 1905 to 1907 Mr. Adams was again connected with Hale and 
Morse, with whom James Gamble Rogers was also associated at that 
time. Mr. Adams held the position of assistant chief draftsman and 
had charge of exterior work on a number of large buildings in New 
York, including the McCreery store and Engineering Societies 
Building. 

In 1907 and 1908 he was employed by the Purdy & Henderson Co., 
of New York and Havana, in charge of drawings for the Custom 
House and other buildings in Santiago de Cuba, and from 1917 to 
1920 he was chief draftsman and head of the Havana office of that 
company and made designs for both concrete and structural steel 
buildings there. During the years 1909-1917 he worked successively 
for Mr. Rogers, directing construction on the estate of E. S. Harkness, 
New London, Conn.; for Goldwin Starrett & Van Vleck, New York, 
on plans for the Albany (N. Y.) high school; and for Willauer, Shape 
& Bready, New York, as chief draftsman, working on plans for a 
number of large buildings in that city. 

While in Havana with Purdy and Henderson Mr. Adams attracted 
the attention of the Royal Bank of Canada, and in 1920 he became 
manager of its Bank Premise Department there. Later he was trans- 
ferred to Montreal, Canada. He left the bank’s employ in 1923 to 
open an office of his own in New York, where he engaged in archi- 
tectural work until his retirement in 1931. 

Mr. Adams became a member of the A.S.M.E. in 1921 and also 
belonged to the American Institute of Architects and the American 
Arbitration Association, as well as to the masonic fraternity. He 
had served as captain of the Morris Guards of Atlantic City. He 
invented a honing device, which was patented in 1918, and was inter- 
ested in photography. He is survived by his widow, Minnie A. 
(Rocks) Adams, and two sons, Harold Francis, Jr., and Lewis Edwin, 
all of Sayville, and a daughter, Helen B. Adams, of Baltimore, Md. 


MARION EUGENE BABIONE (1908-1934) 


Marion Eugene Babione, whose death occurred on June 2, 1934, 
was born on May 6, 1908, at Luckey, Ohio, the son of Dr. Augustus 
A. and Anna (Bollini) Babione. He secured an A.B. degree at Adel- 
bert College, Western Reserve University, Cleveland, Ohio, in 1930, 
and two years later a B.S. degree in mechanical engineering at the 
Case School of Applied Science. While at Adelbert College he was 
elected to the Pi Kappa Alpha fraternity, and he later became a mem- 
ber of Sigma Xi, honorary scientific fraternity. He became a junior 
member of the A.S.M.E. in 1932. 

For eighteen months prior to his death Mr. Babione was employed 
as mechanical engineer for the Hanna Coal Company, Cleveland. 


JOSEPH E. BACHELDER (1868-1932) 


Joseph E. Bachelder, who died in Chicago, Ill., on December 12, 
1932, following two months’ illness, was born at Palmyra, Maine, on 
November 3, 1868. At an early age his family removed to Holyoke, 
Mass. Following his graduation from high school, he entered the 
employ of the Deane Steam Pump Company of Holyoke, progressing 
rapidly in the organization, and from 1897 to 1901 was assistant to 
the superintendent of the company. He then went to Chicago to be- 
come manager of the Pump Sales Department of Fairbanks, Morse 
& Co., and remained in the employ of this company, with the excep- 
tion of a year as vice-president and manager of the Temple Pump 
Company, Chicago (1914-1915) until his retirement in 1930. From 
1901 to 1906 he was manager of the Pump Sales Department. He 


then was transferred to the Pump Manufacturing Department at 
Beloit, Wis., where he remained until 1914. After the year with the 
Temple Company he was appointed engineering salesman and New 
York branch manager of the Fairbanks organization. He was trans- 
ferred to Baltimore in 1922 and to St. Louis in 1923, serving as mana- 
ger in each city. 

Mr. Bachelder became a junior member of the A.S.M.E. in 1905 
and an associate of the Society in 1921. He is survived by his widow, 
Grace Swift Bachelder, and by a son and two daughters. 


HERBERT A. BARRE (1875-1934) 


Herbert A. Barre, chief engineer of the Southern California Edison 
Company, Ltd., died suddenly of a cerebral hemorrhage at his home 
in Los Angeles, Calif., on June 28, 1934. He had been in the con- 
tinuous service of the Southern California Edison Company and its 
predecessor companies for 23 years, holding successively the posi- 
tions of electrical and mechanical engineer, executive engineer, and 
chief engineer. 

Mr. Barre was born at Pictou, N.S., Canada, on January 26, 1875, 
the son of John R. and Elizabeth F. (Merriman) Barre. He went to 
San Francisco while still a child and received his education in the 
schools of that city. He secured a B.S. degree from the University 
of California in 1897 and was a member of Tau Beta Pi, honorary 
engineering fraternity. He was given an honorary degree by the 
California Institute of Technology in 1924. 

Practically all of Mr. Barre’s engineering work was done in the West 
in connection with electric utility systems. Following his graduation 
in 1897 he secured employment as electric station operator for the 
Redlands (Calif.) Electric Light & Power Co. and subsequently held 
similar positions with the Los Angeles Railway and the Mt. Whitney 
Power Company, Hammond, Calif., and was assistant electrical en- 
gineer with the traction company at Oakland Calif. From 1900 to 
1902 he was connected with the Independent Electric Light & Power 
Co. and Independent Gas Company, San Francisco, as inspector of 
construction and assistant to the chief engineer of the former, and 
assistant superintendent of the latter. In 1902 he returned to Los 
Angeles as assistant to R. S. Masson, consulting engineer of the 
Henry P. Huntington properties, which included the Los Angeles 
Railway, the Pacific Electric Railway, and the San Joaquin Light & 
Power Co. 

In 1906, Mr. Barre became associated with the Electric Bond & 
Share Co., of New York, N. Y., where he was engaged in engineering 
valuation and operating activities. Construction of the Glenwood 
and Boulder plants of the Denver Gas & Electric Co. took Mr. Barre 
West again to Denver in 1907. He became interested in the forma- 
tion of the Electric Construction Company, which built the Fossil 
Creek plant of the Arizona Power Company, and was actively engaged 
in the building of that plant. 

In 1911, when the Pacific Light & Power Corp. (a Huntington 
property, merged in 1917 with the Southern California Edison Com- 
pany) was beginning the construction of the Big Creek-San Joaquin 
River hydroelectric development with its 240-mile transmission lines to 
Southern California, Mr. Barre was engaged as electrical and mechani- 
cal engineer. It was in connection with the large hydroelectric and 
steam system of the Southern California Edison Company that his 
most outstanding achievements were accomplished. He was pos- 
sessed of high engineering ability coupled with a very sound economic 
understanding of the utility industry. His recommendations as en- 
gineer and economist are permanently written into the great hydro- 
electric and steam system of the company he served. In 1911, when 
Mr. Barre became associated with the properties now comprising the 
Southern California Edison Company, this system consisted of a 
development of some 180,000 horsepower, represented by a plant in- 
vestment of about $50,000,000. During his active participation in 
the development of this system, the plant capacity was enlarged to 
more than 1,250,000 horsepower and the investment in properties 
increased to $350,000,000. 

Probably the most outstanding achievement of Mr. Barre’s work 
was the successful construction ard operation of the first 150,000- 
volt long-distance electric transmission lines in the world, transmitting 
energy from the water power development on Big Creek and the 
San Joaquin River to Los Angeles, a distance of approximately 240 
miles. Later, when the construction of additional power develop- 
ment at Big Creek brought the need for greater transmission capacity 
to Southern California, Mr. Barre met the requirement by recon- 
structing the 150,000-volt lines for operation at 220,000 volts. These 
lines so converted were the first commercial lines in the world to ac- 
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complish electric transmission at this high voltage. These attain- 
ments brought to Mr. Barre world recognition as an engineer and 
attracted attention from outstanding engineers in America and 
foreign countries who went to Los Angeles to learn the details of con- 
struction and operation. This contribution in the field of electric 
transmission has not only saved many millions of investment in 
transmission expense on the projects with which he was associated, 
but has also had its influence on the development of all the large 
hydro developments in the world that are distant from the market 
to which the energy is transmitted. 

Mr. Barre became a member of the A.S.M.E. in 1912. He also 
belonged to the American Institute of Electrical Engineers. He 
married Annie E. McTear, in Los Angeles, in 1904, and is survived 
by her and by two children, Ben E. and Ruth E. Barre, and also by 
his father. 


WILLIAM HASTINGS BASSETT (1868-1934) 


William Hastings Bassett, a pioneer metallurgist in the non-ferrous 
metal industry, connected since 1902 with The American Brass Com- 
pany, died at his home in Cheshire, Conn., on July 21, 1934. He was 
born at New Bedford, Mass., on March 7, 1868, the son of William 
A. and Almira D. (Mayhew) Bassett. With forebears who were sea- 
faring men and a childhood spent in such an environment as New 
Bedford, he had a love for the water which always made boating his 
favorite recreation. Until within a year of his death he spent a 
month annually at Martha’s Vineyard. 

Not choosing to follow the sea as a profession, however, he entered 
the Massachusetts Institute of Technology, from which he was gradu- 
ated in 1891 with a Bachelor of Science degree. He spent the next 
five years as chemist and superintendent for the Popes Island Manu- 
facturing Company, in New Bedford, and then taught chemistry at 
the Swain Free School there until 1900. During the next two years 
he was chief chemist at the Newark I.aboratory of The New Jersey 
Zinc Company. 

In 1902 Mr. Bassett went to Torrington, Conn., as chemist for the 
Coe Brass Manufacturing Company, a branch of the newly formed 
American Brass Company of Waterbury. The following year he was 
made chief chemist and metallurgist of The American Brass Company, 
in 1912 its technical superintendent and metallurgist, and in 1930 
metallurgical manager of the company. Of his position in the non- 
ferrous metal industry and the achievements which led to it, Dr. H. 
Foster Bain, formerly secretary of the American Institute of Mining 
and Metallurgical Engineers, wrote in an appreciation published in 
Mining and Metallurgy for September, 1934, as follows: 

“After beginning as chemist he rose through various grades of 
laboratory and plant service with ever increasing responsibilities until 
he became metallurgical manager for the entire company, itself the 
largest producer of brass and copper goods in the world. He was the 
recognized unofficial dean of metallurgists in his chosen field long be- 
fore he died. 

“To him, more than any other single individual, though many had 
part in the movement, was due the introduction and development of 
technical control of production in copper-alloy manufacture. When 
he went to Torrington, brass making was an art handed down from 
father to son or master to apprentice. The manager of a plant was 
in the hands of his melters who kept close in their own control knowl- 
edge of composition, temperature, and time necessary to produce 
given quantities in an alloy. Results were irregular, unexplained, and 
often unsatisfactory. Bassett being a chemist at once began taking 
samples and making analyses. Also, as Holland and Pringle have 
related in a most interesting chapter in ‘Explorers in Science,’ he had 
a microscope. It was at least among the first of those instruments 
put into effective use in the industry. The result was that composi- 
tion and quality were accurately related and the metallurgist came 
to give directions for what went into the pots and when.... A firm 
foundation was laid for large-scale manufacture of standard goods 
even from high-priced metals. 

“Mr. Bassett’s researches in alloys were numerous and wide rang- 
ing. A large number of patents were secured in his name or in that 
of members of his staff and still others were bought by the company 
on his recommendations. It was not only in chemical matters that 
he was an authority but in much besides. An important reinforced 
hollow copper cable is one of his inventions and his wide knowledge 
and sound judgment of methods of testing were recognized by his 
professional compeers in his election to the presidency of the Ameri- 
- “ied for Testing Materials which he held at the time of his 

eath.” 

Mr. Bassett was president of the A.I.M.E. in 1930. Prior to that 
he had served as chairman of the Institute of Metals Division of the 
Institute and was instrumental in bring about the merging of the 
older Institute of Metals with the A.I.M.E. He was awarded the 


James Douglas Medal by the A.I.M.E. in 1925 ‘‘for constructive re- 
search in copper and brass and other non-ferrous metals and their 
alloys and for his contributions to the establishment of high stand- 
ards of quality.” 

Mr. Bassett’s service in the American Society for Testing Materials 
was also outstanding. C.L. Warwick, secretary-treasurer of the So- 
ciety, has summarized it in the following paragraph: 

“In June, 1934, after serving a two-year term as vice-president, he 
was elected president of the American Society for Testing Materials, 
with which he had been affiliated since 1903. As a personal member 
and the official representative of his company, he participated ac- 
tively in the work of a number of A.S.T.M. committees. He took a 
leading part in the organization in 1909 of the first two A.S.T.M. 
standing committees in the non-ferrous field, B-1 on Copper Wire 
and B-2 on Non-Ferrous Metals and Alloys, and served continuously 
on these committees until his death. He served as a member of the 
society’s executive committee in 1916-1918. He always took a keen 
interest in advancing the knowledge of the properties of non-ferrous 
metals and supported actively a number of research and standardi- 
zation projects in the society.” 

Mr. Bassett also took part in the work of the National Research 
Council and during the World War was a member of the War De- 
partment’s Advisory Committee on Materials for Airplane Con- 
struction. He had served on the Metallurgical Advisory Committee 
to the Bureau of Standards and on the Army Ordnance Advisory 
Committee, Watertown Arsenal. He was a member of the Army 
Ordnance Association. 

Mr. Bassett became a member of the A.S.M.E. in 1924. He was a 
former director of the American Institute of Chemical Engineers, a 
Fellow of the American Association for the Advancement of Science, 
and held membership in many scientific and engineering societies in 
this country and abroad, including the American Chemical Society, 
Society of Automotive Engineers, American Electrochemical Society, 
Mining and Metallurgical Society of America, American Foundry- 
men’s Association, Society of Naval Architects and Marine Engineers, 
American Welding Society, The Franklin Institute, American Geo- 
graphical Society, Institute of Metals and Society of Chemical in- 
dustry, London, and Deutsche Gesellschaft fiir Metallkunde. He 
was a 32d degree Mason and a Shriner, trustee of the public library 
in Cheshire, and a deacon in the First Congregational Church there 
since 1914. He belonged to the Engineers’ and Chemists’ Clubs in 
New York, as well as to clubs in Waterbury and Torrington. 

Mr. Bassett married Sarah Hedge Whiting in 1892 and is survived 
by her and by two children, Alice Whiting Bassett and William Hast- 
ings Bassett, Jr., the latter technical superintendent and metallurgist 
for the Anaconda Wire & Cable Co., Hastings-on-Hudson, N. Y. 


HENRY HOWELL BAUMGARTNER (1893-1933) 


Henry Howell Baumgartner died on November 16, 1933, at his 
home in Belleville, N. J., of injuries sustained in an automobile acci- 
dent during the summer. He was president and treasurer of the 
Essex Engineering Company, organized at Belleville in 1928. 

Mr. Baumgartner was born at Flemington, N. J., on July 10, 1893, 
the son of Frederick and Marguerite (Burkitt) Baumgartner. He 
attended the United States Steam School at Hoboken, N. J., for five 
months during the winter of 1917-1918 and served in the United 
States Navy until early in 1920. He then spent about a year as 
second engineer on the Standard Oil tanker, “‘S. V. Harkness.’”’ He 
was refrigerating engineer for Swift & Co. from September, 1921, to 
February, 1922, and spent the remainder of that year in his former 
position of second engineer of Standard Oil tankers. 

From then until June, 1925, Mr. Baumgartner was connected with 
the Public Service Gas & Electric Co., of New Jersey, as assistant 
boiler room engineer and technical assistant. During the next three 
years, until he organized the Essex Engineering Company, he was 
refractory and combustion engineer for the Drake Non-Clinkering 
Furnace Block Company, of New York, N. Y. Several patents, 
dealing with furnaces and combustion methods, were issued to Mr. 
Baumgartner. 

Mr. Baumgartner became an associate-member of the A.S.M.E. 
in 1928, and was past-president of the National Association of Power 
Engineers. He belonged to the Belleville post of the American Legion. 
His widow, Ida E. (Hughes) Baumgartner, whom he married in 1918, 
and re sons, William Darrow and Richard Balz Baumgartner, sur- 
vive him. 


JOSEPH ROBERT BLAINE (1884-1934) 


Joseph Robert Blaine died at his home in Oak Park, IIl., on De- 
cember 17, 1934. He had been connected since 1913 with the Miehle 
Printing Press & Manufacturing Co., Chicago, in charge of the de- 
sign of offset printing presses. 
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Mr. Blaine was born in Chicago on November 14, 1884, the son of 
John Smith and Frances (Birkholz) Blaine. He received a B.S. de- 
gree at the University of Wisconsin in 1905, and an M.E. degree from 
that institution in i911. For two years prior to entering college he 
had worked in the shop and toolroom of Edward P. Allis, Milwaukee, 
and for a year on the erecting floor of Pawling & Harnischfeger, in 
that city. He spent his vacations in the latter work, also, and after 
his graduation in 1905 continued with the company for two years as 
mechanical draftsman. 

From 1907 to 1913 Mr. Blaine was engaged by the Berlin Machine 
Works, Beloit, Wis., as designer of band-sawing machinery, spending 
four months of the time in Europe in special work for the company. 
He held some patents on woodworking machinery but his most im- 
portant work was in the graphic arts field, in which he held about 
fifty patents for inventions on typographic and lithographic presses 
and other printing equipment. 

Mr. Blaine became a member of the A.S.M.E. in 1917. He is 
survived by his widow, Mrs. Attolle (Frost) Blaine, a daughter, 
Virginia P. Blaine, and a son, Robert F. Blaine. 


DAVID REES BOWEN (1865-1934) 


David Rees Bowen, vice-president of Farrel-Birmingham Com- 
pany, Inc., Ansonia, Conn., and for many years its chief engineer, 
died at his home in Ansonia on December 29, 1934. He played an 
important part in the development of machinery for non-ferrous roll- 
ing mills, sugar-cane grinding, stone and ore crushing, and for the 
manufacture of paper, rubber, linoleum, and other products, and was 
widely known in the industries where such machinery is used. 

Mr. Bowen was born in Cwmavon, Wales, on October 22, 1865. 
He received his early education in the British national schools and at 
Llandovery Collegiate School. At the age of 17 he came to the 
United States with his parents and in 1883 entered the employ of the 
Farrel Foundry & Machine Co. as a machinist’s apprentice. After 
serving his apprenticeship for three years he worked as a machinist 
two years longer, then entered the drafting room of the company. 
His exceptional ability soon led to his appointment as superintendent, 
then chief engineer. He held the latter position until 1930, when he 
was elected vice-president, in charge of engineering. In July, 1933, 
when ill health compelled him to relinquish the active direction of en- 
gineering, he became consulting engineer for the company, continu- 
ing also as vice-president until his death. 

Mr. Bowen had been a member of the A.S.M.E. since 1899. He 
wes also a member of the masonic fraternity and the Elks. He took 
an interest in civic affairs, serving as alderman of Ansonia and as a 
member of the board of trustees of the public library there. He was 
also a vestryman of Christ Episcopal Church. He was very fond 
of books and through his reading had acquired a fund of knowledge 
on many subjects. He spoke the Welsh language fluently and was 
deeply interested in his native land, to which he returned for many 
visits. 

He is survived by his widow, a son, a daughter, and two grand- 
children. 


HENRY K. BROOKS (1869-1934) 


Henry K. Brooks, president of the Capital Iron Works Company 
and of the Steel Fixture Manufacturing Company, of Topeka, Kan., 
died in that city on August 12, 1934, of a cerebral hemorrhage. 

Mr. Brooks was born at Kettering, Northamptonshire, England, 
on January 8, 1869, and was educated in that country. His early 
schooling was received through private instruction and at the Wis- 
bech Schools, Cambridgeshire. After securing government certifi- 
cates in drawing, he served an apprenticeship with ine firm of Gim- 
son & Co., general engineers, of Leicester, at the same time attending 
the Leicester Technical Evening College. Upon the completion of 
his apprenticeship he continued in the employ of Gimson & Co. for 
several years. He also worked for a short time for the Midland 
Railway Company, in England, before coming to the United States. 

During his first years in this country Mr. Brooks was also engaged 
in railroad work, being employed by the Atchison, Topeka & Santa 
Fe, the Southern Kansas, and the Southern Pacific railway compan- 
ies. In 1895 he accepted a position as instructor at the Kansas 
State Agricultural College, in charge of the foundry, blacksmith, and 
machine departments. The following year he returned to the in- 
dustrial field, in the capacity of general manager for the Capital Iron 
Works. A short time afterward he and his brother, George W. 
Brooks, purchased the company and he became its president. He 
spent three years with the company, during this first period, and was 
responsible for the work under many federal, state, and railroad con- 
tracts for structural iron and machinery. 

In 1899 Mr. Brooks became interested in the electrical field and 
took a position with the Electric Axle Light & Power Co., of New 


York, N. Y., in charge of its equipment in operation on railroads. 
The following year he became assistant chief engineer for the Con- 
solidated Railway Light & Equipment Co., New York, and for sev- 
eral months had charge of its factories in New York and Connecticut. 
Later in 1900, having made some improvements in electric train- 
lighting apparatus, Mr. Brooks was offered a position as chief engi- 
neer of the United States Light & Heating Co., New York. He 
remained with this company until 1908 and was in complete charge of 
its factory and all mechanical apparatus. 

In 1908 Mr. Brooks returned to Topeka to again take over the 
management of the Capital Iron Works, and he and his brother also 
formed the Steel Fixture Manufacturing Company for the manu- 
facture of steel office furniture. These two fabricating companies 
are among the largest of their kind in Kansas and their products are 
widely distributed. 

Mr. Brooks became a member of the A.S.M.E. in 1907. He was a 
charter member of the Kansas Day Club, New York, N. Y., a mem- 
ber of the board of directors of the Kansas State Historical Society, 
past-president of the Associated Industries of Kansas, past-president 
of the Lakeview Hunting and Fishing Club of Topeka, and a Scottish 
Rite Mason. 

Mr. Brooks married Miss Edith Harrison, of Ottawa, Kansas, in 
1895. She died in 1927. He is survived by a daughter, Mrs. R. E. 
Kreuger, of Topeka, as well as by a number of brothers and sisters. 


JAMES PARK CALDERWOOD (1884-1934) 


James Park Calderwood, head of the Department of Mechanical 
Engineering at Kansas State College of Agriculture and Applied 
Science, Manhattan, Kan., died at his home there on August 9, 1934. 
He is survived by his widow, Coral E. (Parker) Calderwood, whom 
he married in 1910. 

Professor Calderwood was born at Middleport, Ohio, on January 
1, 1884, the son of Andrew and Christina (Thompson) Calderwood. 
He was graduated from the Middleport High School in 1903 and from 
the Pomeroy (Ohio) Academy the following year, and in 1908 se- 
cured his M.E. degree at Ohio State University. The following year 
he held a fellowship in experimental engineering at the university. 

In 1909 Professor Calderwood became instructor in mechanical 
engineering at Pennsylvania State College. He was made assistant 
professor in charge of all heat-engine subjects the following year and 
in 1911 took charge of the experimental engineering laboratory. In 
1913 he was advanced to an associate professorship, with the adminis- 
tration of the experimental engineering department, and he continued 
in this post until 1917. In addition to his regular teaching and ad- 
ministrative work he designed and installed a heating and ventilating 
system for new liberal arts and mining buildings. 

Special research work conducted by Professor Calderwood while 
at Pennsylvania State College included an investigation of the effect 
of the velocity and humidity of air on heat transmission through 
building material; a study of the pounding in gas engines when using 
kerosene as a fuel; the development of a method of determining the 
ultimate from the proximate analysis of coal; and a study of the pur- 
chase of coal by specification, which was primarily a study of the 
methods of coal sampling. The results of all of these investigations 
were published by the Engineering Experiment Station of the college. 

Professor Calderwood served as a member of the Pennsylvania 
State Board for the examination of boiler and elevator inspectors from 
1916 to 1917, and was offered, but declined, an appointment as me- 
chanical engineer for the Department of Labor and Industry of the 
State of Pennsylvania. In 1916 the Pennsylvania State College 
conferred the degree of Master of Science upon him. 

In 1917 Professor Calderwood accepted a position in the Engineer- 
ing and Inspection Division of the Travelers Insurance Company at 
Hartford, Conn. He spent a year with the company, working on 
special engineering problems connected with liability and indemnity 
insurance, including the special inspection of industrial plants, 
studies on accident prevention, and the development of a method for 
the rating of chemical risks. During this year he also served as 
assistant engineer for the State of Connecticut in connection with the 
United States Fuel Administration. : 

Professor Calderwood had been a member of the faculty of Kansas 
State College since 1918, when he became professor of steam and gas 
engineering there. He was made head of the Department of Me- 
chanical Engineering the following year. Reports on some of his 
work there have been published by the Engineering Experiment 
Station of the college. He had also made frequent contributions to 
the technical press and was co-author of several textbooks, including 
“Engineering Thermodynamics,’ in collaboration with James A. 
Moyer; ‘‘Elements of Steam and Gas Power,”’ with A. A. Potter; 
and ‘Elements of Engineering Thermodynamics,’’ with Moyer and 
Potter. He had been called upon by the public service commissions 
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of Kansas and Missouri and the Federal Court of Nebraska in cases 
involving controversy over natural gas. 

Professor Calderwood became a junior member of the A.S.M.E. in 
1913 and a member six years later. He had served two terms on the 
executive committee of the Mid-Continent Section of the Society, 
being vice-chairman in 1925-1926 and again a member of the com- 
mittee in 1929-1930. He was honorary chairman of the Student 
Branch of the Society at Kansas State College from 1925 to 1932. 

He was also a member of the Society for the Promotion of Engi- 
neering Education, was president of its Kansas-Nebraska Section in 
1930, and a member of its membership committee in 1928. He be- 
longed to the Kansas Engineering Society and served on its legislative 
committee in 1925, was faculty advisor of Sigma Tau, of which he 
was a member, and was advisory editor of the Kansas State Engineer. 
He was also a member of the masonic fraternity, Delta Upsilon, and 
the honorary fraternities, Phi Kappa Phi and Sigma Xi, as well as of 
a number of clubs. 


ADAMS BURTON CHAMBERLAIN (1875-1934) 


Adams Burton Chamberlain, assistant superintendent of the Sta- 
tion Engineering Department of The Edison Electric Illuminating 
Company of Boston, died at his home in Wollaston, Mass., on Janu- 
ary 22, 1934. 

Mr. Chamberlain was born in LaCrosse, Wis., on April 1, 1875, the 
son of Eli and Mary L. (Porter) Chamberlain. At an early age he 
went to Newport, Vt., to live and was graduated from the St. Johns- 
bury Academy. After that he was successively employed by the 
Tremont and Suffolk Mills, Lowell, Mass., on cost and inspection 
work, by C. R. Makepeace, mill engineer, Providence, R. I., as a drafts- 
man, and by the New England Telephone & Telegraph Co. on con- 
struction work. 

In January, 1901, he entered the employ of The Edison Electric 
Illuminating Company of Boston in the Station Engineering Depart- 
ment, where he rose through various grades to the position he held 
at the time of his death. 

Mr. Chamberlain became a member of the A.S.M.E. in 1911. He 
was also a member of the Engineers Club of Boston and a 32d degree 
Mason. He is survived by his widow, L. Josephine Eaton, whom 
he married in 1903, and by a daughter, Kathryn. 


WALTON CLARK (1856-1934) 


Walton Clark, consulting engineer and former vice-president of 
the United Gas Improvement Company, Philadelphia, Pa., died in 
that city on July 30, 1934. He was the inventor of a process for the 
complete gasification of coal, and contributed to the development of 
processes for operating water-gas sets. He was the author of numer- 
ous scientific articles. 

From 1907 to 1924 he was president of The Franklin Institute and 
in 1926 the institute honored him with its first award of the Walton 
Clark Medal, for his ‘‘distinguished and outstanding contributions” 
to the gas industry. At the time of the presentation of the award 
Dr. W. C. L. Eglin, president of the institute, said that Mr. Clark was 
“a pioneer in the association of physical and chemical laboratories 
with the development work of gas companies.”’ 

Mr. Clark was born in Utica, N. Y., on April 15, 1856, the son of 
Erastus and Frances (Beardsley) Clark. He attended the public 
schools of Utica until his seventeenth year, when he entered the ser- 
vice of the New Orleans Gas Company, where he served in various 
capacities until 1886. In 1883 he was temporarily assigned to the 
United Gas Improvement Company to complete the installation of a 
water-gas plant in New Orleans, work on which had been interrupted 
by a yellow fever epidemic. Mr. Clark was immune to the disease, 
and so was able to finish the installation, which would have been 
impossible for an unacclimated engineer. 

He served successively in gas companies in Jefferson City, La., and 
in Kansas City, and following the death of the assistant general su- 
perintendent of the United Gas Improvement Company, Mr. Clark 
was appointed, in August, 1888, to take his place. Six years later 
he was made general superintendent, a position which covered the 
duties of the chief engineer of the company and supervisor of the 
many enterprises under its control. He became a vice-president of 
the company in 1904 and held that office until he resigned from active 
duties in 1923. He had been consulting engineer to the ecmpany 
since then, 

In 1904 the honorary degree of Master of Engineering was coen- 
ferred upon Mr. Clark by Stevens Institute of Technology, and in 
1911 he received the degree of Doctor of Science from the University 
of Pennsylvania. 

He was past-president (1906) of the American Gas Institute, of 
which he was one of the founders; became a member of the A.S.M.E. 
in 1890; and also belonged to the American Institute of Electrical 


Engineers and the American Society of Mining and Metallurgical 
Engineers. He was chairman of the board of trustees of the Free 
Correspondence School for Gas Works Employees. 

He also was a member of the Society of the Cincinnati, the Society 
of the Founders and Patriots of America, and the Sigma Psi frater- 
nity. His clubs, included the Engineers’ Club, New York, and in 
Philadelphia the Engineers, Union League, University, and a number 
of country and athletic clubs. His home was at Chestnut Hiil, Pa. 

Mr. Clark in 1880 married Miss Alice M. Shaw, of Natchez, Miss., 
who died in 1882. In 1885 he married Miss Louise Beauvais, of New 
Orleans. Surviving him, in addition to Mrs. Clark, are Frank Shaw 
Clark, a son by his first marriage; and three sons and one daughter 
by his second marriage, Walton, Jr., Theobald Forstall, Beauvais, 
and Darthela Clark. 


WILLIAM JAY COFFIN (1875-1934) 


William Jay Coffin, connected with the New York State Depart- 
ment of Public Works since 1922, died at Wethersfield, Connecticut, 
on June 14, 1934, after several months’ illness. 

Mr. Coffin was born in Albany, N. Y., on December 20, 1875, the 
son of William Latham and Anna McHarg Coffin. He received his 
M.E.E. degree from Cornell University in 1898 and immediately be- 
gan work as electrical repairman in the Signal Department of the 
New York Central Railroad, Albany. He was connected with this 
railroad, in various capacities, until 1914. He served an apprentice- 
ship in the Motive Power Department in 1900 and 1901 and worked 
in that department successively as stationary engineer, roundhouse 
foreman, and mechanical foreman at Albany until 1909. He was 
then sent to the general manager’s office in New York, N. Y., to take 
charge of locomotive tests and tonnage rating. After several months 
in that work he was made assistant to the superintendent of motive 
power of the Western Division, investigating mechanical problems in 
shops and on the road. In April, 1910, he was appointed assistant 
engineer in the president’s office in New York, where he remained 
until 1914, making technical investigations dealing with locomotive 
operation and tonnage rating for the entire New York Central system. 

In January, 1914, Mr. Coffin was appointed first deputy commis- 
sioner of Public Works and he served the City of Albany in that 
capacity until January, 1922, having charge of the adaptation of 
motor apparatus to municipal work and establishing repair facilities. 
He entered the employ of the New York State Department of Public 
Works as Fleet Commander in March, 1922, in charge of floating 
equipment on the state barge canal, including tugs and dredges; he 
also supervised dredging work and wrecking operations. He was 
made assistant civil engineer in February, 1923, and continued in that 
capacity until hisdeath. He was assigned to the division of highways 
of District No. 1, and had charge of several highway construction 
projects. 

Mr. Coffin became a member of the A.S.M.E. in 1923. He also 
belonged to the masonic fraternity. He is survived by a sister, 
Helen Coffin, of Hartford, Conn., and by a daughter, Lois Lilian 
Coffin, of Brooklyn, N. Y. His wife, Selora (Gaskill) Coffin, died 
in 1922. 


SAMUEL DUNLAP COLLETT (1868-1933) 


Samuel Dunlap Collett, whose death occurred on December 26, 
1933, was born on October 25, 1868, at Newport, Ind. He attended 
the public schools there and secured his B.S. and M.S. degrees at 
Rose Polytechnic Institute, where he studied mechanical, electrical, 
and civil engineering. 

Before completing his college work Mr. Collett worked for a short 
period as a surveyor on the Chicago, Evansville & Chattanooga Ry., 
took a training course in the factory of the Thomson-Houston Electric 
Company, and worked in the Boston and Pittsburgh offices of that 
company. 

In the fall of 1895 Mr. Collett entered the employ of the Metro- 
politan Telephone & Telegraph Co. (now the New York Telephone 
Company) as engineer in the construction department and for two 
years was in charge of the interior block department and under- 
ground cable work. He then took the position of eastern manager 
of the Elevator Supply & Repair Co., New York, of which he later 
became vice-president. He was associated with the company until 
1920, and from then until his retirement in 1925 was with the Eleva- 
tor Supplies Co., Inc., Hoboken, N. J. 

Mr. Collett had been a member of the A.S.M.E. since 1902. He 
was also a member of the American Institute of Electrical Engineers. 


ERNEST HARRY CORNELIUS (1890-1934) 


Ernest Harry Cornelius, president of the Oklahoma Steel Castings 
Company, Tulsa, Okla., died in Cleveland, Ohio, on May 8, 1934, 
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from complications following an operation for appendicitis. The 
son of Harry B. and Georgiana (Phillips) Cornelius, he was born on 
October 28, 1890, at Hastings, Neb., and received his early education 
there. He entered Northwestern University, at Evanston, IIl., at 
the age of 17, but because of an injury sustained in a fall during his 
junior year, he was obliged to leave college. After spending about 
a year and a half in California, he returned to Nebraska and entered 
the state university at Lincoln, from which he was graduated with a 
B.S. degree in 1913. 

Following his graduation Mr. Cornelius engaged for a time in sales 
work for the Jacques Steel Company, in northern Texas. During 
the first part of 1914 he assisted in appraisal work in Kansas City 
and then took a position with the Metropolitan Street Railway in 
that city inspecting construction of new trackage and rehabilitation 
of existing lines. He also made special designs for cars and did other 
drafting work, remaining with the company for about two years. He 
spent part of 1916 with the Kansas City Southern Railway Com- 
pany, as assistant to the bridge engineer. He then moved to Tulsa, 
and during the next two years was connected with the Oklahoma 
Structural Steel Company, subsidiary of the Oklahoma Iron Works, 
as chief engineer and sales manager the greater part of the time. 

In January, 1918, Mr. Cornelius began private practice in the de- 
sign and construction of steel structures, chiefly for the oil industry. 
This business was incorporated as the Industrial Construction Com- 
pany two years later, with Mr. Cornelius as president. In 1922 he 
also organized the Oklahoma Steel Castings Company, which he had 
since served as president, greatiy developing the size of the plant and 
extending the territory it serves. 

Mr. Cornelius took a keen interest in civic affairs and the develop- 
ment of industry in Oklahoma. He was a past-president and for 
some years had been a director of the Associated Industries of Okla- 
homa. He had also served as president of the Public Welfare Society 
of Tulsa, director of the Tulsa Community Fund and the Tulsa 
Chamber of Commerce, member of the Board of Trustces of the Uni- 
versity of Tulsa, president of the Rotary Club in Tulsa, and Member 
of the Board of Trustees and chairman of the Financial Committee of 
the Boston Avenue Methodist Episcopal Church. Just previous to 
his illness he had been appointed to the NRA Code Authority for the 
steel-castings industry. 

Mr. Cornelius became a member of the A.S.M.E. in 1927 and was a 
former director of the American Iron and Steel Institute. He be- 
longed to Sigma Nu and the masonic fraternities, and to the Tulsa 
Club and Tulsa Country Club. 

In addition to all these activities he found time to take up flying, 
first as a hobby and later as a means of transportation for business 
trips. 

Mr. Cornelius is survived by three children, Marjorie Ann and 
Ernest H. Cornelius, Jr., and Mrs. Virginia (Cornelius) Eby. His 
wife, Virginia Moseley, whom he married in Lincoln, Neb., in 1914, 
died in 1923. 


ALBERT NELSON CRAMER (1883-1934) 


Albert Nelson Cramer, whose death occurred on June 21, 1934, 
was born in Philadelphia, Pa., on March 27, 1883, the son of Harry 
Howell and Fannie H. (Slack) Cramer. After attending the Manual 
Training School in Philadelphia for three years, he entered the em- 
ploy of the Baldwin Locomotive Works there, and for five years 
worked on detail drawings for the company. He subsequently spent 
a year and a half each in similar work for the Link-Belt Engineering 
Company, Nicetown, Pa., and W. E. Hamilton, Columbus, Ohio, 
and about six months with the Schoen Steel Wheel Company, Phila- 
delphia. In 1908 and 1909 he was engaged in field engineering for 
P. A. Kley, Philadelphia, and layout work for the Jeffrey Manufac- 
turing Company, Columbus. 

During the next ten years Mr. Cramer was designer in charge of 
experimental development and construction for the Federal Glass 
Company, Columbus. He then went to Toledo, Ohio, to take the 
position of assistant engineer, in charge of special engineering de- 
velopment, with the Owens Bottle Company. He left there in the 
spring of 1929 and spent the next two years as assistant engineer in the 
research department of the American Optical Company, South- 
bridge, Mass. 

Since July, 1931, Mr. Cramer had devoted all his time to develop- 
ing inventions of his own. Prior to that date he had already taken 
out more than twenty patents on glass-making machinery, including 
blowing, molding, and cutting machines, feeders, and handling ap- 
paratus. Subsequently he developed additional equipment for the 
glass industry, including a number of machines for forming tumblers 
and hollow glass articles, patents on some of which were pending at 
the time of his death. 

Mr. Cramer became a member of the A.S.M.E. in 1929 and was 
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active in the masonic fraternity in both Columbus and Toledo. He 
is survived by his widow, Mrs. Alice P. (Bietsch) Cramer, and by a 
daughter, Elizabeth B. Cramer. 


RALPH CROOKER (1854-1934) 


Ralph Crooker, a member of the A.S.M.E. since 1890, died at his 
home in Acton, Mass., on June 2, 1934. He is survived by his widow, 
Louise C. (Little) Crooker, whom he married in 1905. 

Ralph Crooker (3d) was born in South Boston on December 25, 
1854, the son of Ralph and Ann A. (Bailey) Crooker. He was gradua- 
ted from the English High School of Boston with the class of 1872, 
and had always kept in touch with the members of that class through 
its annual reunion dinners in Boston. 

At the age of eighteen he entered training as a draftsman at the 
Bay State Iron Works, Boston, under the direction of his grand- 
father, who was a member of the firm and superintendent of the works. 
He remained with that company until 1879, when he went to Spring- 
field, Ill., where he spent about six months with the Springfield Iron 
Company. From 1880 to 1884 he served as engineer and superin- 
tendent with the Colorado Coal & Iron Co. 

In 1885 Mr. Crooker entered the employ of the Jones & Laughlin 
Steel Co., Pittsburgh, Pa., and between then and 1907 he spent the 
greater part of his time with that company, the last period being from 
about 1903 to the latter part of 1907. His other connections were 
with the Bessemer Works of the Springfield Iron Company in 1887 
and 1888, with the Johnson Company, Lorain, Ohio, during part of 
1894, and with the Lorain Steel Company, about 1900. 

He had made his home in Acton since 1907 and had not been ac- 
tive in business except for a iittle consulting work and a few months 
in 1919 making alterations in piping for T.N.T. for Mackintosh- 
Hemphill & Co., Pittsburgh. His chief pastime during his latter 
years was the study of maps and of plans for ocean liners and boats. 
He also liked to study the rock formations and wild life in the woods 
near his home. 

Mr. Crooker was a Legion of Honor member of the American 
Institute of Mining and Metallurgical Engineers and also belonged to 
the Engineers’ Society of Western Pennsylvania. 


FRANK GARFIELD CUTLER (1881-1934) 


Frank Garfield Cutler, of Birmingham, Ala., died on June 17, 1934, 
at the Manhattan Eye, Ear and Throat Hospital, New York, N. Y., 
of complications following a mastoid operation. 

Mr. Cutler was born on May 13, 1881, at Fort Scott, Kan., the son 
of Samuel and Ella B. (Dickerson) Cutler. He studied manual 
training in Louisville, Ky., and then entered the University of Ken- 
tucky, from which he received his Bachelor’s degree in mechanical 
engineering in 1901, and the degree of Mechanical Engineer three 
years later. He was graduated with highest honors and in 1902, 
when the honorary engineering fraternity, Tau Beta Pi, was organ- 
ized there, he was made a member. 

Immediately upon leaving college in 1901 Mr. Cutler went to 
Chicago to become assistant in the steam engineering department at 
the South Works of the Illinois Steel Company. He remained in that 
position until the fall of 1906, then took charge of the steam engineer- 
ing department of the Ensley Division of the Tennessee Coal, Iron & 
Railroad Co. He was made chief of the Bureau of Steam Engineer- 
ing of the company in 1914 and held that position until his death. 

Mr. Cutler was considered an authority on steam power-plant de- 
sign and construction and especially its application to steel mills. 
In 1928 he completed studies for and wrote a paper on ‘‘Combination 
Firing of Blast-Furnace Gas and Pulverized Coal,’’ which was pre- 
sented at the Semi-Annual Meeting of the A.S.M.E. in Pittsburgh 
in May of that year.! These studies were carried on as new boilers 
and equipment were put in at the mill, and continued practically up 
to his death. 

Mr. Cutler became a member of the A.S.M.E. in 1914 and had 
served several years on the Executive Committee of the Birmingham 
Section of the Society, being chairman in 1921. He was secretary 
in 1917-1918 and president in 1921 of the Alabama Technical Asso- 
ciation, and in 1922 was vice-chairman of the Association of Iron and 
Steel Electrical Engineers. He had also served as chairman of the 
Jefferson County Orphans Home Association and as a director of the 
Ensley Rotary Club and a member of the board of gov ~.0rs of the 
Woodward Gold Club. His hobbies were golf and contract bridge, 
and especially long automobile trips in both the North and South. 
He is survived by his widow, the former Blanche B. Duffy, of Chicago, 
whom he married in 1909, and by three children, Mary E., Samuel 
M., and Grace L. Cutler. 


1 Trans. A.S.M.E., vol. 49-50, 1927-1928, FSP-50-35, pp. 
102-106. 
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ORTON GOODWIN DALE (1870-1934) 


Orton Goodwin Dale was drowned in Barnegat Bay on February 
18, 1934, when ice broke beneath him as he was walking on the bay 
near his summer home at Mantoloking, N. J. Mr. Dale was con- 
sulting engineer to the Texas Gulf Sulphur Company, of New York, 
and a director of the New York & New Jersey Steamboat Company. 
He is survived by his widow, the former Miss Amy Slade, of Trenton, 
N. J., whom he married in 1896, and by a daughter, Mrs. D. R. 
Abbes, of Burlingame, Calif., and two sons, F. Slade Dale, yachtsman, 
Bay Head, N. J., and Orton G. Dale, Jr., vice-president of Bowne & 
Co., financial printers, New York. 

Mr. Dale was born in Helensburgh, Scotland, on November 8, 
1870, but had lived in the United States since he was ten years old. 
He was graduated from the Stevens Institute of Technology in 1893 
and spent the following year in the drawing room of the National 
Sugar Refining Company, Yonkers, N. Y. He then became New 
York manager of the Mead-Morrison Manufacturing Company. In 
1918 he was connected with the Singer Manufacturing Company, 
Elizabeth, N. J., and for the next two years was assistant chief engi- 
neer of the American International Shipbuilding Corporation, 
Philadelphia, Pa. He had been with the Texas Gulf Sulphur Com- 
pany since that time. 

Mr. Dale resided in Plainfield, N. J., for some years, but moved to 
New York in 1916. It was his custom to spend the weekends at his 
Mantoloking home and he had recently been elected to the Mantolo- 
king Borough Council. He became a junior member of the A.S.M.E. 
in 1894 and was promoted to the grade of member in 1909. He 
was appointed a member of the Committee on Publications of the 
Society in 1922 and served as its chairman in 1925 and vice-chairman 
the following year. 


CYRUS EATON DAVISON (1890-1934) 


Cyrus Eaton Davison, formerly chief research engineer for Martin 
Motors, Inc., New York, N. Y., died on March 8, 1934, after a year’s 
illness. He is survived by his widow, Anna R. (Tong) Davison, 
whom he married in 1918, and by a son, Robert C., and daughter, 
Ruth B. Davison, residing at Stapleton, 8S. I., N. Y. 

Mr. Davison was born at Huntsport, Nova Scotia, Canada, on 
August 26, 1890, the son of Cyrus C. and Laura (Eaton) Davison. 
He attended the Huntsport High School and at the age of twenty- 
one entered the employ of the Southern Pacific Company. He served 
as assistant engineer and chief engineer on various ships of that com- 
pany until December, 1917. He then entered the United States 
Navy as an engineer officer, with the grade of lieutenant, serving, 
during the next year and a half, aboard the U.S.S. Lakewood and 
U.S.S. Montclair. During the summer of 1919 he was connected with 
the United States Shipping Board in the capacity of assistant ma- 
chinery inspector and chief machinery inspector, supervising the 
installation of boilers, turbines, and reciprocating engines, and all 
other mechanical equipment on ships being built by the Federal 
Shipbuilding Company for the Emergency Fleet Corporation. He 
was graduated from the Naval Turbine School at Carnegie Institute 
of Technology, Pittsburgh, Pa., in 1919. 

In the fall of 1919 Mr. Davison took charge of the Educational 
Department of the Ocean Association of Marine Engineers, of which 
he was a member, and was instructor of its engineering classes for 
three years. During the following year he was assistant engineer 
for the French Company, directing the operation and repair of turbo- 
generators and electric motors. 

Mr. Davison again became an instructor in marine engineering in 
July, 1923, when he took the position of chief engineer and senior 
engineering instructor at the New York State Nautical School, New 
York, -N. Y. He continued in that work until January, 1926, then 
spent two years as assistant superintendent of buildings and grounds 
at Columbia University. He had been with Martin Motors, Inc., 
since that time, located at the research laboratory in East Rutherford, 
N. J., at first. He was engaged in the design and construction of 
internal-combustion engines for test purposes, and in running power 
and efficiency tests. 

Mr. Davison became an associate-member of the A.S.M.E. in 
1926 and a member three years later. He also belonged to the ma- 
sonic fraternity. 


WILLIAM EDWARD DEAN, JR. (1888-1933) 


William Edward Dean, Jr., who died of pneumonia at Hamilton 
Ontario, Canada, on December 11, 1933, was a native of Minneapolis 
Minn., where he was born on June 12, 1888. His parents were Wil- 
liam Edward and Elmina (Clapp) Dean. He attended grammar and 
high school at Los Angeles, Calif., and then served a four-year ap- 


prenticeship with the Southern Pacific Company, of that city. In 
1910 he entered the University of California, from which he was 
graduated with a B.S. degree in mechanical engineering in 1914. 
During his summer vacations he did drafting-room and testing-lab- 
oratory work. 

Immediately following his graduation Mr. Dean took a position in 
the Engineering Department of the Westinghouse Air Brake Com- 
pany, Wilmerding, Pa., and in the fall of that year was made personal 
assistant to the manager of engineering, to work on the design, manu- 
facture, and performance of air brakes and related devices, such as 
automatic train control. 

In August, 1917, Mr. Dean entered the Second Officers Training 
Camp at Fort Oglethorpe, Ga. He was commissioned second lieu- 
tenant in the Signal Reserve Corps, Aviation Section, and served 
five months at Park Field, Tenn., and five at Langley Field, Va., as. 
engineer officer in charge of installation and operation of machine, 
motor-repair, and blacksmith shops. He was then promoted to first. 
lieutenant in the Air Service and until January, 1919, was stationed 
at Washington, D. C., in the engine and plane maintenance branch 
of the service. 

Upon his return to civilian life, Mr. Dean was made assistant engi- 
neer of tests by the Westinghouse Air Brake Company, continuing to 
carry on research on air brakes. Early in 1921 he was sent to Kings- 
ton, Jamaica, on special consulting work for the Jamaica Govern- 
ment Railways. Upon his return he was appointed engineer of tests, 
and at the beginning of 1926 assistant chief engineer in charge of 
tests and inspection. 

At the close of 1928 Mr. Dean was appointed chief engineer of the 
Westinghouse Brake Company of Australasia Ltd., and for several 
years was located in New South Wales, Australia. In August, 1932, 
he was transferred to the position of chief air-brake engineer of the 
Canadian Westinghouse Co. Ltd., at Hamilton, Canada, the position 
he held at the time of his death. 

Mr. Dean became a junior member of the A.S.M.E. in 1921 and a. 
member four years later. He also belonged to the Air Brake Asso- 
ciation and to the honorary fraternities, Tau Beta Pi and Sigma Xi. 
He had patented many air-brake system devices. 

Surviving Mr. Dean are his widow, Doris (Brown) Dean, whom he 
married in 1923, and three sons, Frederick Brown, William Corner, 
and Robert Stanley Dean. 


GEORGE PASS DEHAVEN (1886-1934) 


George Pass DeHaven, son of William Henry and Margaret M. 
(Pass) DeHaven, both descendants of old Pennsylvania families, was. 
born at Harrisburg, Pa., on September 3, 1886. His early education 
was secured in the schools of that city. After his graduation from 
high school there he studied for two years at the Stevens Institute of 
Technology, Hoboken, N. J., and two years at Drexel Institute, in 
Philadelphia. He then entered the employ of the Pennsylvania 
Steel Company, at Steelton, where he spent a year each in the pattern 
and machine shops, and about six months each in the iron and steel 
foundries. 

In January, 1914, he took a position in the engineering depart- 
ment of the Bethlehem Steel Corporation, Steelton, where he re- 
mained for four years, working on the design of rolling mill ma- 
chinery. From then until the summer of 1923 he was connected with 
the Harrisburg Foundry and Machine Works, spending four years on 
the design, testing, and preparing specifications and estimates for 
steam engines, then serving successively as assistant purchasing 
agent, assistant works manager, and production manager. 

He was next employed for about a year as designer and checker 
for the Koppers Company, Pittsburgh, working on gas producers and 
machinery for operating them, and during the winter of 1924-1925 
designed rolling-mill machinery for the Birdsboro Steel Foundry & 
Machine Co., Birdsboro, Pa. He then became assistant chief engi- 
neer for the Taylor-Wilson Manufacturing Company, McKees Rocks,. 
Pa., with which he remained until he was appointed chief engineer, 
General and Maintenance Employees, of the Bureau of Public 
Grounds and Buildings of the Commonwealth of Pennsylvania. He 
subsequently was made superintendent of the Bureau of Mainte- 
nance of Public Grounds and Buildings, the position he held at the 
time of his death, which occurred on February 19, 1934, at his home 
in Harrisburg. 

Mr. DeHaven became an associate-member of the A.S.M.E. in 
1926 and in that year he also took some courses in the shaping of 
steel and roll pass design at the Carnegie Institute of Technology. 
He had served as corporal and quartermaster sergeant on the Gov- 
ernor’s Troop of the Pennsylvania National Guard and belonged to 
the masonic fraternity and the Elks. He is survived by his widow, 
Margaret M. (Edwards) DeHaven, whom he married in 1906, and 
by their son, Charles A. DeHaven. 


4 
4 
4 
: 
a 
j 
Wo 
. 
ae 
ae 


RI-48 


EDWARD H. J. DILLON (1887-1934) 


Edward H. J. Dillon, who died in Philadelphia, Pa., on March 28, 
1934, was born in Brooklyn, N. Y., on April 15, 1887, the son of John 
and Anna (Mohan) Dillon. He attended the public and high 
schools there, and subsequently studied for two years at Brooklyn 
Polytechnic Institute and St. John’s University, Brooklyn. 

At the age of seventeen Mr. Dillon entered the employ of the Gris- 
com-Russell Company, of Philadelphia, marine and stationary power 
plant, engineers and manufacturers, and had spent his entire profes- 
sional life with that company, rising to the position of manager of 
the Philadelphia office. 

Mr. Dillon became an associate of the A.S.M.E. in 1920 and be- 
longed to the Knights of Columbus. He is survived by his widow, 
Margaret Dillon, whom he married in 1915. 


FRED DOEPKE (1862-1934) 


Fred Doepke, founder and president of the Wrought Washer Manu- 
facturing Company, Milwaukee, Wis., died in Los Angeles, Calif., 
on April 23, 1934, after having been in failing health for several 
years. Mr. Doepke became a member of the A.S.M.E. in 1922 and 
since 1926 had served as secretary of the Sectional Committee on the 
Standardization of Plain and Lock Washers, for which the A.S.M.E. 
and the Society of Automotive Engineers are joint sponsors. He was 
also a past vice-president of the Engineering Society of Milwaukee 
and belonged to a number of social clubs in Milwaukee and vicinity. 

Mr. Doepke was born at Rockford, Ill., on March 28, 1862, the 
son of Gotlieb and Bertha (Smith) Doepke. The family later moved 
to Milwaukee and he attended school there from 1879 to 1883, at the 
same time serving an apprenticeship in the machine shops of the old 
Filer & Stowell Co. After working for a time in 1883 in machine 
shops in Cleveland, Ohio, he went to New York, where he studied at 
Cooper Union nights and was employed by E. W. Bliss Co., the North 
River Iron Works, and the Freeland Tool Works. Subsequently he 
went to Philadelphia, where he likewise studied evenings, taking 
courses offered by The Franklin Institute, and worked in the daytime. 

During these years Mr. Doepke became interested in automatic 
machinery and conceived the idea of automatic washer-making 
machinery. He returned to Milwaukee in 1885 and started in busi- 
ness with A. J. Read. The Wrought Washer Manufacturing Com- 
pany was founded about 1887 and he served as vice-president of the 
company until 1910, when he became its president. He not oniy de- 
signed and built the plant itse!f, but also practically all of its special 
machinery. Under his guidance the plant became one of the largest 
in the world devoted to the production of washers. 

Mr. Doepke had traveled extensively, visiting many foreign coun- 
tries, and was widely known in engineering circles and throughout 
the metal industries. For some years prior to his death he had made 
his home in St. Petersburg, Fla. He is survived by his widow, 
Anna M. (Disch) Doepke, whom he married in 1892, and by one son, 
Fred C. Doepke, of Milwaukee. 


ROSCOE IRVING DUNTEN (1888-1934) 


Roscoe Irving Dunten, whose death occurred on June 17, 1934, 
was born at Calcium, N. Y., on April 13, 1888, the son of Milton 
Thomas and Anna Elizabeth Dunten. To supplement his high- 
school education he took courses in steam and electrical engineering 
through the International Correspondence School, completing these 
studies in 1907. He then se -ed work as assistant at the steam 
power plant of the St. Regis Paper Co. at Deferiet, N. Y., where he 
remained for two years, part of the time being chief engineer. 

From 1909 to 1912 Mr. Dunten was in charge of the steam-electric 
power plant of the Delaware & Hudson R. R. Co. at Oneonta, N. Y., 
and during the next year directed the operation and maintenance of 
an 80-ton ice-making plant of the Tampa Ice Company, at Palmetto, 
Fla. 

In 1913 the Southern Utilities Company, of Palatka, Fla., engaged 
Mr. Dunten as engineer in its electric plant at Bradentown, Fla. 
After three years there he was transferred to the combined ice and 
electric plant at West Palm Beach as chief engineer. Something 
over two years later he was made supervising engineer of all of the 
company’s properties, consisting of more than twenty plants located 
at different points in Florida and Georgia. He remained with the 
company until the latter part of 1921, his work including not only 
the supervision of existing plants but also the design, layout, and 
erection of new plants and research on burning oil fuel under power 
boilers. 

During the next seven years Mr. Dunten was vice-president and 
general manager of the San Juan Ice and Refrigeration Company, in 
Porto Rico. He directed the reconstruction and enlargement of the 
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company’s plant at San Juan, greatly increasing the output and re- 
ducing fuel consumption. He returned to Florida in 1928 to become 
manager of the Caribbean Division of Pan-American Airways, Inc., 
with headquarters at Miami, and held that position at the time of his 
death. 

Mr. Dunten joined the A.S.M.E. with the grade of associate- 
member in 1921 and was promoted to full membership three years 
later. He was Rear Commodore of the Biscayne Yacht Club and a 
member of the masonic fraternity. He is survived by his widow, 
Luvenia M. (Wood) Dunten, whom he married in 1909, and by a 
daughter, Florence A. (Dunten) Foster. 


GEORGE C. FARKELL (1872-1934) 


George C. Farkell, superintendent of the rail and blooming mills, 
at the Lorain, Ohio, works of the National Tube Company, died at 
St. Joseph’s Hospital in that city of pneumonia on October 22, 1934. 
He had been connected with the Lorain Works since early in 1905, 
when he became assistant superintendent of the skelp mills. The 
following year he was advanced to the position of superintendent of 
the skelp mills, and in 1907 was made superintendent of the rail and 
mechanical departments of the works. He held this position for ten 
years, then was superintendent of the rolling mills until April, 1934, 
when he was further promoted to the position he held at the time of 
his death. 

Mr. Farkell was born on January 12, 1872, at Canajoharie, Mont- 
gomery County, N. Y., the son of John and Catherine Farkell. He 
was graduated in 1887 from the local high school and entered Cornell 
University from which he was graduated in 1892 with an M.E. degree 
in electrical engineering. While at Cornell he was elected to member- 
ship in the honorary scientific fraternity, Sigma Xi. 

For two years after leaving college Mr. Farkeli was engaged in 
electrical construction work for H. Ward Leonard & Co., New York, 
and from then until the end of 1895 was on the staff of the Physical 
Testing Laboratory of the Lukens Iron & Steel Co., Coatesville, Pa. 
During the next five years he was assistant engineer with the United 
States Revenue Cutter Service, for three years of that period assist- 
ant to the engineer-in-chief detailed for inspection duty and for 
engineering work in connection with the construction of steam ma- 
chinery for new revenue cutters. 

Mr. Farkell became assistant chief inspector of the Homestead 
Steel Works of the Carnegie Steel Company in January, 1901. In 
October of that year he was made assistant to the superintendent of 
the 128-in. plate mill, the 42-in. universal, and the 30-in. slabbing 
mill of the Homestead works, where he remained until May, 1904. 
Between then and his connection with the Lorain Works, he held the 
position of assistant superintendent of the slabbing, plate, rail, and 
structural mills of the Lackawanna Steel Company, Buffalo, N. Y. 

Mr. Farkell contributed greatly to the development of rolling- 
mill practice and held paten‘ on a manipulator used in handling 
rolled-metal shapes; a speed-. ontrolling apparatus for electrically 
driven rolling mills (joint patent with Edwin S. Lammers); a method 
of rolling T-shaped rails; and a device for tightening nuts on screw- 
threaded ends of bolts. 

Mr. Farkell had been a member of the A.S.M.E. since 1913. He 
also belonged to the American Society for the Advancement of 
Science, the American Iron and Steel Institute, and the masonic 
fraternity. He was very active in community affairs in Lorain. 
He was one of the founders of the local Red Cross chapter and served 
on its executive committee from 1917 to the time of his death, part 
of the time as chairman. He had been a member of the board of 
directors of the Lorain Y.M.C.A. since 1925 and was chairman of the 
committee which had charge of erecting a new Y.M.C.A. build- 
ing. He was a member of the board of directors of the Lorain Com- 
munity Fund during the last five years of his life. In recognition 
of these services he was selected in 1933 for the Lorain Journal Achieve- 
ment Award, as the citizen who during the year had performed the 
most noteworthy service to the community. 

Radio construction was his special hobby and golf his favorite 
pastime. 

His widow, the former Miss Ouida E. Pease, whom he married in 
1909, survives him. 


THOMAS FARMER (1852-1934) 


Thomas Farmer, a member of the A.S.M.E. since 1891, died of 
pheumonia at the United Hospital in Portchester, N. Y., on Novem- 
ber 6, 1934. He is survived by his widow, formerly Miss Maud H. 
White, whom he married in 1879, and by a daughter, Elizabeth G. 
(Farmer) Kelsey, and a son, Thomas, the fourth in line to bear that 
name. 

Mr. Farmer was born in Boston, Mass., on October 12, 1852, his 


i 


| 
i 
- 
q 
: 
oh 
‘a 
| 
i 
4 
4 
er 4 
4 
= 
4 
4 
4a 
7 
a 
ay 
: 
ag 
a 
4 
“ 
a 
a 


SOCIETY RECORDS 


mother being Henrietta B. (Cobb) Farmer. After his graduation 
from high school in Roxbury in 1869 he learned the machinist’s 
trade at the shops of A. Leitelt Co. in Grand Rapids, Mich. He 
spent three and a half years there, then went to Aurora, IIl., where he 
worked in the locomotive shops of the Chicago, Burlington & Quincy 
R.R. He next returned East, working for a time on erecting for the 
Providence Machine Company. During these years he studied 
drawing and other engineering subjects. 

In 1874 he returned to Grand Rapids, where he obtained the posi- 
tion of superintendent of the city water works, which he held for 
five years, resigning to go into business for himself. Owing to lack 
of capital his venture was not successful and he went to Chicago, 
where he was employed for a time as tool saleman. He did not find 
this work congenial, however, and took a position as general super- 
intendent of the Somersworth Western Manufacturing Company of 
Bloomington, Ill. During two years spent with this company he 
built new shops and designed special tools. He resigned that position 
to become superintendent of the Detroit Radiator Company (which 
later became a part of the American Radiator Corporation). He 
directed the laying out and building of a new plant and had charge 
of the design of new tools and the operation of all departments of the 
plant. 

Mr. Farmer's next connection was with the Russel Wheel & Foun- 
dry Co. of Detroit, for which he built a new plant and served as its 
superintendent for a time. About 1894 he became chief engineer of 
the Detroit Citizens Railway, with which he remained for nine years. 
From Detroit he went to Cleveland, Ohio, where he was associated 
for ten months with the Kuhlman Car Company. He then opened 
an office for consulting work in the street-railway field. He gave 
this up to rebuild and electrify the plant of the United States Heater 
Company (subsequently known as the United States Radiator Cor- 
poration) in Detroit, after which he became sales manager of the 
Detroit office of the Warner & Swasey Co. He spent nine years in 
that capacity, prior to becoming manager of the Detroit office of 
Manning, Maxwell & Moore, Inc. He had not been active in busi- 
ness since 1925. 


EDWIN E. A. FISHER (1870-1934) 


Edwin E. A. Fisher was born in Providence, R. I., on August 31, 
1870, the son of James Potter and Caroline Martha (Butts) Fisher. 
He attended Cooper Union, New York, then entered Cornell Uni- 
versity, from which he was graduated in 1891 with an M.E. degree. 
He specialized in electrical engineering during his senior year and his 
first position after graduation was with the Field Engineering Com- 
pany, working on the installation of an electric railway between 
Paterson and Passaic, N. J. After a year in that connection he went 
to Lynn, Mass., to take a course at the General Electric Company 
works there. In 1893-1894 he engaged in electric-railway installation 
for the Union Railway Company, Providence, R. I., and the follow- 
ing year was instructor in physics and electrical engineering at Le- 
high University. 

From 1895 to 1912 Mr. Fisher was located the greater part of the 
time outside the United States. He studied physics, chemistry, and 
mathematics for a year at the University at Géttingen, Germany, 
after which he was located in England and Canada. For ten years 
beginning in 1901 he was connected with the Bureau of Education in 
the Philippine Islands, as division superintendent of schools, superin- 
tendent of the Philippine School of Arts and Trades, and acting 
assistant director of education in charge of schoolhouse construction 
in the Philippines, and devised the unit system for schoolhouses 
there. He next spent a year as assistant commissioner of the interior 
of Porto Rico. 

Since his return from Porto Rico Mr. Fisher had been engaged in 
technical and statistical research in relation to life insurance. He 
was in the statistician’s department of the Prudential Insurance 
Company, Newark, N. J., from 1912 to 1921 and since then, until his 
death on March 3, 1934, had been in the risk classification department 
of the John Hancock Mutual Life Insurance Company, Boston, Mass. 

Mr. Fisher became a member of the A.S.M.E. in 1922 and also be- 
longed to the American Statistical Association, American Association 
for the Advancement of Science, and Boston Life Underwriters As- 
sociation. He was vice-president and director of Fisher & Thomp- 
son, Inc., New York. In Dover, Mass., where he made his home, he 
was treasurer of the First Parish of Dover and vice-president of 
the Dover Historical and Natural History Society. He married 
Sophie L. Armington, of Providence, in 1907, and is survived by 
her and by three sons and a daughter. 


STANLEY GRISWOLD FLAGG (1860-1934) 


Stanley Griswold Flagg, president of Stanley G. Flagg & Co., 
Philadelpha, Pa., died of a heart attack on March 14, 1934, just a 
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week after the death of his wife, Elizabeth (Windrim) Flagg. He is 
survived by his son, Stanley Griswold Flagg, 3rd, of Philadelphia, 
and his daughter, Mrs. Edward S. Nugent-Head, of London. 

Mr. Flagg was born in Philadelphia on January 21, 1860. His 
mother was Adelaide (Gordon) Flagg and his father Stanley Griswold 
Flagg, founder of the company, which manufactures malleable-iron, 
cast-iron, and brass fittings, brass valves, and specialties. He learned 
the business under his father and succeeded him to the presidency of 
the company. 

Mr. Flagg was one of the early advocates of standardization in the 
valve and fittings industry. As a member of the A.S.M.E., which he 
joined in 1891 and of which he was a manager for the term 1910-1913, 
he was appointed a representative on the American Engineering 
Standards Committee soon after its formation in 1918. He continued 
to serve on that body, later reorganized as the American Standards 
Association, until 1930. 

For some years prior to the formation of the A.E.S.C. he served on 
special A.S.M.E. committees on pipe and screw threads. He repre- 
sented the Society on the Sectional Committee on Standardization 
and Unification of Screw Threads from the time of its organization in 
1921 until 1930, and was also the Society’s representative on the Sec- 
tional Committee on Pipe Threads. He also represented the Manu- 
facturers Standardization Society of the Valve and Fittings Industry 
on the Sectional Committee on Pipe Flanges and Fittings. 

He was a most active worker on these and other committees to 
which he was appointed by the various technical organizations to 
which he belonged, losing no opportunity to cooperate in the sound 
development of the industry as a whole. He made frequent trips 
abroad, promoting standardization at international conferences and 
through his many personal contacts. 

Mr. Flagg was a past-president of the American Foundrymen’s 
Association and a member of the American Institute of Mining and 
Metallurgical Engineers, the American Society for Testing Materials, 
and the Iron and Steel Institute. He had also served as president of 
the Pennsylvania Society of Sons of the Revolution, vice-president 
of the General Society of the Sons of the Revolution, and treasurer 
of the Society of Colonial Wars in the Commonwealth of Pennsyl- 
vania. One of his pastimes was the collecting of rare books. 


WILLIAM FRAY (1865-1934) 


William Fray, who died at the Bridgeport (Conn.) Hospital, on 
July 22, 1934, after a two years’ illness, was born at Cornwall, En- 
gland, on July 2, 1865, the son of Samuel and Emma (Sweet) Fray. 
He came to the United States as a boy and attended the Bridgeport 
public schools. At the age of sixteen he was apprenticed to the ma- 
chinist and toolmaking trade and he worked up in that field, studying 
mechanical drawing, mathematics, and other subjects evenings, until 
he became assistant foreman at the Farrel Foundry & Machine Co., 
Waterbury, Conn., in 1890, and foreman two years later. 

He resigned in 1900 to take the position of superintendent of the 
wire mill of the Benedict & Burnham Manufacturing Co., Waterbury, 
with which he remained four years. He then became production 
superintendent for John S. Fray & Co., Bridgeport, manufacturers 
of smali tools for mechanics. He was there until 1910 when he be- 
came superintendent of the Standard Brass & Copper Tube Co., New 
London, Conn. After two years he was made secretary of the com- 
pany, as well as superintendent, and two years later became its 
president and general manager. He greatly enlarged the plant dur- 
ing his connection with it. After the sale of the business in 1917 
Mr. Fray retired from active business, but from time to time acted as 
a consulting engineer on brass and copper-tube manufacture, serving, 
among others, the Bridgeport Brass Company, Wheeler Condenser & 
Engine Co., Detroit Brass & Copper Co., Scovill Manufacturing 
Company, Dominion Copper Products Company, and Philadelphia 
Roll & Machine Co. 

Mr. Fray became a member of the A.S.M.E. in 1920 and was 
treasurer of the Bridgeport Section of the Society from 1926 to 1931. 
He was also a member of the Bridgeport Engineers Club and the 
masonic fraternity. After his retirement he spent some time in 
travel. He is survived by his widow, Minnie J. (Steiber) Fray, whom 
he married in 1883, and by a son, George H. Fray, and daughter, 
Florence (Fray) Clark. 


DAVID WILLIS FRENCH (1860-1934) 


David Willis French, retired superintendent of the Hackensack 
(N. J.) Water Company, died at his home in Englewood, N. J., on 
August 9, 1934, following a few days’ illness. He is survived by his 
widow, Wilburta F. French, and by a sister, Mrs. Laura E. Libby 
of Boston. His first wife, Amelia (Eddy) French, whom he married 
in 1884, died in 1929. 
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Mr. French was born at North Weymouth, Mass., on March 24, 
1860, his father’s name being John French. At the age of sixteen he 
entered upon a three-year apprenticeship in the shops of the Whittier 
Machine Company, Boston, during which period he also attended 
night school four evenings a wezk. The following year he took a 
special course at the Massachusetts Institute of Technology. In 
1881 he became associated with the Henry R. Worthington hydraulic 
works in South Brooklyn, N. Y., as erecting engineer. In 1882 the 
firm contracted to install a pump for the Hackensack Water Company 
at the New Milford plant. Mr. French supervised this installation 
and upon its completion was retained by the Hackensack Water 
Company. In 1883 he had charge of installing the plant for the high 
service system at Weehawken, and subsequently was engaged to 
operate it for a year under Charles B. Brush, chief engineer and su- 
perintendent. He was engineer in charge of the high service system 
for eight years, then was made deputy assistant superintendent of the 
company, and after the death of Mr. Brush in 1896 was made super- 
intendent of the company, the position he held until his retirement in 
1928. 

Some of his major projects were the reconstruction of the New 
Milford pumping plant, the installation of the present great filter 
system, construction of the sub-pumping station at North Bergen, and 
the extension of the water system to supply about sixty towns ‘n 
Hudson and Bergen counties. In 1900 he recommended to the board 
of directors of the company the purchase of a subsidiary water com- 
pany located at Spring Valley, N. Y., and in 1912 he reconstructed this 
plant to supply ten towns in Rockland County. 

In 1913 Mr. French perfected a machine which makes it possible 
to install a line gate without the interruption of service, a machine 
now widely used throughout the United States. 

Mr. French became a member of the A.S.M.E. in 1916. He was 
also a member of the American Water Works Association, which he 
served as president in 1909, was a director of the Hoboken Savings 
Bank, a member of the Union City Masonic Lodge, member of the 
board of the First Presbyterian Church, Englewood, director of the 
New Jersey Utilities Association for twenty years, superintendent of 
the Grove Church Sunday School for a number of years, member of 
the Executive committee of the Boy Scouts, North Hudson County 
Council, and a former member of the Board of Education of Union 
City. 


A. O. FRICK (1852-1934) 


A. O. Frick, chairman of the board of the Frick Company, Waynesa- 
boro, Pa., and active in the affairs of the firm for more than sixty 
years, died at a hospital in Baltimore, Md., on April 20, 1934. 

Mr. Frick was born on June 16, 1852, at Ridgeville (now Ringgold), 
Md., where his father, George Frick, a native of Switzerland with a 
genius for mechanical things, then had his engine shop. The family 
having moved to Waynesboro in 1861, Mr. Frick’s education was 
completed in the public schools of that town. At the age of fifteen 
he began work as an apprentice in the Frick shops under his father, 
later becoming foreman, then draftsman, then mechanical engineer. 

In the late 60’s and the 70’s Mr. Frick, with an engineering insight 
years ahead of his time, improved the designs for the Frick portable 
steam engines and boilers. Some of his early drawings for these 
engines, bearing the date 1869, are still preserved, and illustrate with 
their fine, accurate lines, the craftsmanship he displayed in all his 
work. 

Between 1876 and the early 80’s he developed the Frick steam trac- 
tion engine, doing the ground work which led through such steps as 
steering by a team of horses, chain drive from the engine shaft to the 
gearing, the use of a train of small gears to replace the chain, devices 
for springing the rear axle, feedwater heaters, etc. He also patented 
an improved balanced slide valve, some of his early drawings show- 
ing the adaptability of this valve to locomotive practice. 

In 1882 and 1883 Mr. Frick made the drawings for the original 
refrigerating machines with which the firm pioneered in this field, 
and he subsequently assisted in enlarging the line of ice-making 
equipment. About 1889 he spent a year in Springfield, Mo., build- 
ing and operating an ice plant. Following this he devoted himself 
particularly to managing the engineering work of the company. He 
was made vice-president in 1896 and elected to the presidency of the 
company in 1904, but continued to serve as consulting engineer on 
all of its work. 

Mr. Frick had been chairman of the board since 1924, and though in 
recent years he had retired from active work, he always took the keen- 
est interest and pride in the company’s progress. When he was past 
the age of 75 he took over the duties of chief engineer for several 
months, during his absence. He was the last living member of a 
group of thirteen men who banded together in 1873 to save the firm 
from the effects of the panic of that year. 

In addition to his connection with the Frick Company, Mr. Frick 
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was a director of the Citizens National Bank & Trust Co., a director 
of the Chamber of Commerce and of the Beneficial Fund Associa- 
tion of Waynesburo, a member of the board of managers of the 
Waynesboro Hospital, a member of the Waynesboro Country Club, 
and charter member of the local masonic lodge. He became a mem- 
ber of the A.S.M.E. in 1885. 

He is survived by his widow, the former Miss Margaret Mehaffey, 
a sister, and two brothers, Amos and Ezra Frick. 


ALFRED BROOKS FRY (1860-1933) 


Alfred Brooks Fry, Commodore, U.S.N.R. (Retired), died in 
Coronado, Calif., on December 4, 1933. Mr. Fry entered Govern- 
ment service in 1886 as inspection engineer of public buildings under 
the Supervising Architect's Office of the Treasury Department and 
held many important posts in civil and naval service prior to his 
retirement in 1927. 

Mr. Fry was born in New York, N. Y., on March 3, 1860, a son of 
Major Thomas William G. Fry (U.S.V.) and Frances (Olney) Fry, 
and a great-grandson of Captain Benjamin Fry, who served in the 
Continental Army. He attended private schools and Morse’s 
School in New York and studied engineering at Columbia University. 
He spent several years at sea as an oiler and assistant engineer and 
also had shop experience with the Corliss Engine Company, Provi- 
dence, R. I., and at Portland, Me., and Boston, Mass., with the 
Portland Company and Globe Mill Company. He was captain of 
the Boston Fire Department from 1882 to 1886. 

In civil service in the Treasury Department Mr. Fry was ad- 
vanced from inspection engi..eer to chief engineer and supervising 
chief engineer. He had charge of the construction, engineering opera- 
tion, and repairs of United States public buildings and their mechani- 
cal and electrical plants. Much of his time was spent on work at 
New York but he also had assignments in Boston, Chicago, Wash- 
ington, New Orleans, and Galveston and on the Pacific Coast and in 
connection with quarantine stations and marine hospitals on the 
Atlantic, Gulf, and Pacific Coasts. From 1916 to 1926 he was con- 
sulting engineer for the U. S. Immigration Service, in charge of the 
construction and maintenance of immigration buildings. He served 
on a Congressional Commission on the mechanical transmission of 
mails in 1913. 

By order of the President Mr. Fry served as a member of the Board 
of Consulting Engineers for the Improvement of State Canals in New 
York from 1904 to 1912, and he also studied and reported on Euro- 
pean and Egyptian canal, river, and port improvements in 1909 and 
1918. He was an engineer member of the Special Panama Canal 
Commission in 1921. 

Mr. Fry was consulting engineer for the Association for the Pro- 
tection of the Adirondacks, from 1908 to 1920, and for the Depart- 
ment of Water Supply, Gas, and Electricity of the City of New York, 
from 1914 to 1917. He was a member of the Committee on Water 
Storage and Waterways of the Merchants’ Association of New York 
from 1918 to 1926. 

In 1892 and 1893 he organized the first Engineer Division of the 
United States Naval Militia at Boston and New York. He served 
as engineer lieutenant and engineer lieutenant-commander from 1892 
to 1910 and as commander and chief of staff of the Naval Militia, 
New York, from then until 1923, when he was made commodore. 
He was retired in 1924 with the rank of rear-admiral. 

In the U.S.N.R. he was advanced through the ranks from lieu- 
tenant to commodore, retiring in 1927. He was acting chief engineer 
in the U.S.N. during the Spanish-American War, 1898, and engineer- 
aide to Rear-Admiral Burd, industrial manager of the Third Naval 
District and New York Navy Yard, during the World War. He was 
engineer-observer on the first run of the U.S.S. Leviathan in 1917 
and also saw duty at sea and at English and French ports. He was 
consulting marine engineer for the U.S. Army Transport Service in 
1922. He was a member of the International Congresses of Naviga- 
tion. 

Since his retirement Mr. Fry had served on the Harbor Committee 
of the San Diego Chamber of Commerce in 1929 and on the City 
Council of Coronado in 1929-1930 and was mayor pro-tem of Coron- 
ado in 1930-1931, and mayor from then until the time of his death. 
He served on the employment committee of Southern California in 
1931. 

Mr. Fry became a member of the A.S.M.E. in 1892. He was also 
a member of the American Society of Civil Engineers, American 
Society of Naval Engineers, Society of Constructors of Federal 
Buildings, of which he had been president. He was a member of a 
committee of engineers representing the National Engineering So- 
cieties at the New York Constitutional Convention in 1915. He be- 
longed to the Society of Colonie) Wars, The Society of the Cincinnati 
of the Providence Plantations, «:.d the Military Order of the Spanish- 
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American War, and his clubs included the Columbia University, 
New York, and Army and Navy, Washington. He was an honorary 
member of the Yachting Department of the New York Athletic 
Club. 

Surviving Mr. Fry are his widow, Emma V. (Sheridan) Fry, whom 
he married in 1890, and their son, Sheridan Brooks Fry. 


GEORGE WARREN FULLER (1868-1934) 


George Warren Fuller, who became internationally known as a 
sanitary engineer and expert on water supply and sewage disposal 
died at his home in New York, N. Y., on June 15, 1934. He was 
born at Franklin, Mass., on December 21, 1868, and was the son of 
George Newell and Harriet (Craig) Fuller. After his graduation 
from the Massachusetts Institute of Technology in 1890 with an 
S.B. degree, he studied for about a year at the University of Berlin 
and in the private office of the engineer of the Berlin water works. 
He then devoted about nine years to research work in water purifica- 
tion, chiefly at the Lawrence Experiment Station of the Massachu- 
setts State Board of Health, and at Louisville, Ky., and Cincinnati, 
Ohio, where his work on coagulation and rapid sand filtration laid the 
basis for American water purification practice. 

Since 1899 Mr. Fuller had engaged in consulting work, with his 
headquarters in New York. From 1901 to 1911 he was in partner- 
ship with Rudolph Hering under the firm name of Hering & Fuller. 
During the next few years he continued practice under his own name. 
In 1916 he formed a partnership with James R. McClintock, under 
the firm name of Fuller & McClintock, of which he was senior mem- 
ber at the time of his death. 

Mr. Fuller served as consulting engineer for major water works and 
sewerage improvements in more than 150 large cities in this country 
and abroad. He had been consultant to the New York Board of 
Water Supply since 1906. In connection with the development of 
the Catskill reservoirs and supply systems he made an intensive study 
of the principal systems in Wales and Scotland which led to the in- 
stallation of aerating stations below the Ashokan and Kensico reser- 
voirs. He also served as consultant to the Metropolitan Sewage 
Commission and in 1928 and 1929 reported to the city upon the Wards 
Island sewage-treatment project, plans for which were subsequently 
drawn by his firm. 

In 1917 and 1918, during the World War, Mr. Fuller was a member 
of a central committee at Washington having to do with the engineer- 
ing, planning, and sanitation of various army camps, and he was also 
consulting engineer to the Construction Division of the Army. Di- 
rectly after the Armistice he served as a member of the Franco- 
American Engineering Congress which convened at Paris to consider 
reconstruction and economic problems in France. 

One of the many important posts held by Mr. Fuller since the World 
War was that of chairman of the Engineering Board of Review for 
the Sanitary District of Chicago, which was formed in 1924 to con- 
sider a new sewage-disposal system in that city. The recommenda- 
tion of the board to draw sufficient water from Lake Michigan to 
carry sewage in satisfactory dilution through the I!linois Canal to 
the Mississippi River was adopted and successfully carried out. In 
1934 he was recalled to advise a special board of review in regard to 
additions to this system. 

Mr. Fuller had always taken a keen interest in public-health work. 
He was consulting engineer to the United States Public Health Ser- 
vice in connection with municipal improvements necessary to public 
health, contributed largely to the development and adoption of the 
Standard Methods of Analysis for Water and Sewage sponsored by 
the American Public Health Association, and as chairman of its 
Council on Standardization, helped the American Water Works 
Association in the publication of its Manual of Water Works Practice. 

Mr. Fuller was a member and chairman of an engineering advisory 
committee of the Reconstruction Commission of the State of New 
York, and advisor to the International Joint Commission on Bound- 
ary Waters between the United States and Canada. Among the 
projects on which the advice of his firm was sought during recent 
years were water works for Shanghai, China; the Wanaque aque- 
duct, for the New Jersey Water Policy Commission and the North 
Jersey District Water Supply Commission; new water supply and 
purification systems for Kansas City, Mo., Memphis, Tenn., and 
Wilmington, Del.; sewage-treatment works at New Haven, Conn., 
and Lexington, Ky.; a comprehensive system of intercepting sewers 
and sewage treatment for the Hackensack Valley Sewerage Commis- 
sion of New Jersey involving some fifty communities bordering on the 
Hackensack River and its tributaries; the collection and treatment 
of sewage and industrial wastes reaching Narragansett Bay from the 
city of Providence and neighboring municipalities, a study of which 
was made for the Metropolitan Sewerage Commission of Rhode Is- 
land; and the future water supply of the Minneapolis-St. Paul dis- 
trict, a report on which was completed just prior to his death. 


Mr. Fuller’s work was not entirely in the hydraulic and sanitary 
fields, however. He was an expert in the valuation of public utilities 
and in adjusting disputes on rates and charges by utilities supplying 
water and other services. During the World War he was a member of 
the Pittsburgh valuation board, appraising the street railways in 
that city. He had also been a member of the valuation committee 
handling street-railway adjustments in Ph‘ladelphia and was con- 
sulting expert for the International Railways Company, owner of 
the street-car system in Buffalo, N. Y., and its suburbs on both sides 
of the Niagara Valley. 

In addition to his consulting work Mr. Fuller found time to write 
many papers in his field, and three books: ‘‘Water Purification at 
Louisville,’’ published in 1898; ‘‘Sewage Disposal,’”’ 1912; and 
“Solving Sewage Problems,”’ 1926, of which his partner, James R. 
McClintock, was co-author. 

At the time of his death Mr. Fuller was chairman of the board of 
The Engineering Foundation. He was appointed a member of the 
board by the American Society of Civil Engineers in 1931, served as 
vice-chairman the following year, and was elected chairman in 1933. 
He was a past-president and director of the American Society of 
Civil Engineers and a past-president of the American Water Works 
Association and the American Public Health Association. He be- 
came a member of the A.S.M.E. in 1910 and belonged to many other 
professional and scientific societies, including the Institution of Civil 
Engineers, Verein Deutscher Ingenieure, Association Generale des 
Hyzgienistes et Techniciens Municipaux, of France, Engineering In- 
stitute of Canada, The Franklin Institute, American Chemical Society, 
American Institute of Consulting Engineers, and the American So- 
ciety of Bacteriologists. He was chairman of the Committee on 
Promotion and Attendance for the World Engineering Congress at 
Tokio, Japan, in 1929. 

Among Mr. Fuller’s clubs were the Engineers’ and Machinery, 
New York; University, Chicago; Cosmos, Washington; Seaview 
Golf, Absecon, N. J.; Everglades, Palm Beach; Canoe Brook Coun- 
try, Summit, N. J.; and the Pleiades Club, New York, of which he 
was president at the time of his death. 

He is survived by his widow, Eleanor Todd Fuller; three sons by 
previous marriages: Myron E., Kemp G., and Asa W. Fuller; and 
three step-sons, Kenneth B., Gordon B., and George B. Fuller; and 
a sister, Mrs. Carl W. DeVoe, of Jerome, Idaho. 


THAYER PRESCOTT GATES (1879-1934) 


Thayer Prescott Gates, manager of the Finishing Department of 
the Riverside and Dan River Cotton Mills in Danville, Va., died 
suddenly of angina pectoris on the evening of January 1, 1934, while 
in Richmond, Va. 

Mr. Gates was born in Lowell, Mass., on May 14, 1879, the son of 
Prescott Coburn and Ellen (Kittridge) Gates. He prepared for 
college at Phillips Andover Academy and took a mechanical engineer- 
ing course at the Massachusetts Institute of Technology. He was 
vice-president of his class there one year and a member of Sigma Chi 
fraternity. 

Textile manufacturing had been Mr. Gate’s work ever since he 
left the Institute. After some early experience under his father at 
the mill of Josiah Gates & Sons, in Lowell, he was employed on the 
construction of mills and layout and erection of machinery at the 
Lawrence, Mass., mills of the American Woolen Company in 1902- 
1903. During the next year he secured drafting-room and shop 
experience with the Jeffrey Manufacturing Company, Columbus, 
Ohio. 

In February, 1904, Mr. Gates became master mechanic for the 
Wilkes-Barre (Pa.) Lace Manufacturing Company, where he re- 
mained for two years. He then took the position of foreman of the 
J. and W. Lyall Machine Works and master mechanic of the Brigh- 
ton Mills at Passaic, N. J. In 1907 he became efficiency engineer for 
the Sayles Bleacheries at Saylesville, R. I., and continued with that 
mill and the Glenilyon Dye Works, reorganizing them along the 
lines of scientific management and handling all engineering problems 
in connection with construction, power supply, maintenance, and 
operation until 1917. The following year he was connected with 
Collins and Aikman, of Philadelphia, manufacturers of plushes. 

In the fall of 1918 he opened an office in Providence, R. I., as a 
consulting engineer and textile specialist. He transferred his office 
to New York in 1930, and continued in practice until 1932, when he 
took the position he held at the time of his death. 

Mr. Gates became a junior member of the A.S.M.E. in 1906 and a 
member in 1913, and was a Knight Templar in the masonic fraternity. 
He was a contributor to the textile press and had worked on an emul- 
sifier for use in textile manufacture. 

Surviving Mr. Gates are his widow, Cecile (Lovell) Gates, whom he 
married in 1904, and a daughter, Marjorie (Gates) Alley. 
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FREDERICK TAYLOR GAUSE (1866-1934) 


Frederick Taylor Gause, for nearly forty years connected with the 
Standard Oil Company of New York, died in San Diego, Calif., on 
October 17, 1934. 

Mr. Gause was born at Kennett Square, Chester County, Pa., on 
March 16, 1866, son of S. Irwin and Edith (Taylor) Gause. After 
leaving public school he served an apprenticeship with the Harlin & 
Hollingsworth Co., and secured drafting and shop experience with 
that company and at the Trenton Iron Works. He then entered 
Stevens Institute of Technology, from which he was graduated in 
1891. 

From the time of his graduation until his retirement in 1930, Mr. 
Gause was in the employ of the Standard Oil Company. The first 
few years were spent mainly or experiments to determine the merits 
of pure petroleum oil for lubricating reciprocating marine engines. 
In 1894 he was sent to the Far East to report on the possible demand 
for heavy petroleum products in the principal commercial centers 
there, particularly at the seven centers in India, China, and Japan 
where the company had opened offices the previous year to sell kero- 
sene oil. Asa result of his investigation the company added to these 
offices organizations to market heavy petroleum products, and Mr. 
Gause was assigned to supervise their establishment. Later he made 
similar trips to South America, South Africa, Australia, New Zealand, 
etc., establishing marketing branches at many points and otherwise 
assisting in the conduct of the Export Marketing Department of 
the company. 

Mr. Gause became a member of the A.S.M.E. in 1893, belonged to 
the Engineers’ Club, New York, and was a former member of the 
American Association for the Advancemnt of Science. He is sur- 
vived by his widow, Gertrude (Grier) Gause. 


FREDERICK AUGUST GEIER (1866-1934) 


Frederick August Geier, president of the Cincinnati Milling Ma- 
chine Company, Cincinnati, Ohio, died suddenly of a heart attack at 
his home in that city on March 27, 1934. 

Mr. Geier was born in Cincinnati on June 23, 1866, the son of 
Philip and Sophia L. (Otten) Geier. He was graduated from the 
Woodward High School there in 1884, and for a time worked in a 
bank in Newton, Kansas. At the age of 21 he became associated 
with the Cincinnati Screw & Tap Co., which in 1889 became the Cin- 
cinnati Milling Machine Company. He served as manager of the 
company for a time, was made secretary and treasurer, and finally be- 
came president. 

Within a few years after Mr. Geier’s affiliation with the company, 
increased business necessitated the removal of the plant from Second 
and Plum Streets, where it had been established in 1884, to new quar- 
ters at Spring Grove Avenue and Alfred Street. By this time the 
company had entered the foreign trade field and exhibited a revolu- 
tionary milling machine at the Paris World Fair in 1900. 

After 19 years at Spring Grove Avenue and Alfred Street, the com- 
pany was housed in a plant at Oakley where Mr. Geier was a moving 
spirit in organizing a factory colony that did much to make the suburb 
one of the leading machine-tool centers of the world. 

Mr. Geier was also president of the Factory Power Company, 
Factory Colony Company, Cincinnati Grinders Incorporated, Cin- 
cinnati Rubber Manufacturing Company, and Cincinnati Morris 
Plan Bank. He was a director of a number of other companies and 
institutions, including the Cincinnati Bickford Tool Company, 
Central Trust Company, Lincoln National Bank, and the Children’s 
Home, all of Cincinnati. He was a leader in promoting vocational 
education in Cincinnati and aided in the establishment of the coopera- 
tive engineering system at the University of Cincinnati when he was a 
trustee and president of the board of tne university. He also estab- 
lished a loan fund for cooperative engineering students. At the time 
of his death he was president of the Ohio Mechanics Institute. 

From 1913 to 1915 Mr. Geier was chairman of the Council of Social 
Agencies for Cincinnati, from 1915 to 1917 chairman of the Central 
Budget Committee, and from 1917 until his death, a member of the 
Executive Committee of the Cincinnati Community Chest. 

Other organizations in which Mr. Geier was actively interested 
included the Cincinnati Bureau of Governmental Research, the 
National Crime Commission, and the Ohio Valley Improvement 
Association. 

Mr. Geier became an associate of the A.S.M.E. in 1900. He served 
as chairman of the Cincinnati Section in 1917 and was a manager of 
the Society from 1917 to 1920. He was interested in the standardize 
tion and research work of the Society and contributed to the support 
of the work of the Special Research Committee on Gears. 

Mr. Geier was an early advocate of the eight-hour day and helped 
to organize the National Metal Trades Association. In 1910 and 
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1911 he was president of the National Machine Tool Builders’ Associa- 
tion and in 1933 he helped to organize the Machinery and Allied 
Products Institute. He was also a member of the American Academy 
of Political and Social Science, American Institute of Banking, Na- 
tional Municipal League, National Society for Promotion of Industrial 
Education, Chamber of Commerce of the United States, Cincinnati 
Chamber of Commerce, and many other such organizations. His 
clubs included the Engineers, Commercial, Queen City, Camargo, 
and others in Cincinnati and vicinity. 

Surviving Mr. Geier are his widow, Juliet (Esselborn) Geier, for- 
merly of Portsmouth, Ohio, whom he married in 1904, and two sons 
and two daughters. 


HAROLD LOTHROP GOODWIN (1897-1933) 


Harold Lothrop Goodwin was born in Roxbury, Mass., on Novem- 
ber 14, 1897, son of Homer and Mabel A. (Bates) Goodwin. He was 
graduated from the Roxbury Latin School in 1916 and received an 
S.B. degree in mechanical engineering from the Massachusetts In- 
stitute of Technology in 1921. Following his graduation he engaged 
in construction work in Boston with L. P. Soule, soon securing a posi- 
tion with Stone & Webster, Inc. In 1924 he was sent to Philadel- 
phia, Pa., in connection with the construction of a building for the 
Insurance Company of North America, and in the following year 
worked on a power-plant building for the Savannah Light & Power 
Co., and on construction at Davis Islands, Tampa, Fla. 

He returned to Boston in 1928 and was associated with L. P. Soule 
again in constructing an addition to the John Hancock Life Insurance 
Company building there. In 1930 he took a position in the Genera- 
ting Office Department of the Edison Electric Illuminating Com- 
pany of Boston, where he was employed at the time of his death on 
December 4, 1933. 

Mr. Goodwin became a junior member of the A.S.M.E. in 1921. 
He is survived by his widow, the former Miss Martha L. Dewey, of 
Great Barrington, Mass., whom he married in 1925. 


SAMUEL MARTIN GREEN (1864-1934) 


Samuel Martin Green was born at Benton Harbor, Mich., on April 
13, 1864, son of Martin Green, a civil engineer well-known for his 
connection with some of the greatest engineering projects in the 
United States. His mother was Mary Frances Stuart (Hathaway) 
Green. 

Mr. Green was graduated from the course in mechanical engineer- 
ing at Worcester Polytechnic Institute in 1885. Following his gradu- 
ation he was draftsman for about a year with each of the following 
companies: F, E. Reed Company, Worcester, Mass., machine-tool 
manufacturers; the John T. Noye Manufacturing Co., Buffalo, 
N. Y.; the Deane Steam Pump Company, Holyoke, Mass.; and the 
Merrick Thread Company, Holyoke. He then became master 
mechanic of the last-named company, which permitted him to do 
outside consulting work. About 1898 the American Thread Com- 
pany was formed and the Merrick Thread Company merged with it. 
He served as consulting engineer to the company until he organized 
his own business in the fall of 1908 at Springfield, Mass., under the 
firm name of Samuel M. Green Company. 

Among the numerous companies which Mr. Green served as con- 
sulting engineer prior to the establishment of his own company were 
the Union Metallic Cartridge Company, Bridgeport, Conn., and the 
United States Envelope Company. For the tatter company he de- 
signed and supervised the construction of a three-story factory 
building at Waukegan, IIl., and a five-story structure at Springfield 
in connection with which he designed and supervised the installation 
of a steam boiler and power plant and electrified the entire plant. 

In connection with Mr. Green’s work for the Union Metallic Cart- 
ridge Company, the following is taken from a memoir prepared by 
Harry B. Hopson, of Springfield, for the American Society of Civil 
Engineers, of which Mr. Green was also a member: 

“In 1906, Mr. Green designed a steam boiler and turbine plant for 
the Union Metallic Cartridge Company. When this work was com- 
pleted, the company requested him to make an examination of its 
primer loading plants after a disastrous explosion. He revised the 
method of loading primers entirely; built a new primer-loading plant; 
and devised an entirely new method of handling and mixing fulmi- 
nate, which, to that time, had been an exceedingly dangerous opera- 
tion. Since the revision of the method by Mr. Green the company 
has never had an explosion in its plant. 

“About that time, the company had a disastrous explosion in its 
powder-storage farm where many tons of powder had been stored. 
Mr. Green was given the problem of designing a powder-storage farm 
that would be safe. He designed roads, bunkers, and small storage 
houses for powder, and supervised the installation of this equipment. 
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The Union Metallic Cartridge Company was the owner of the Rem- 
ington Arms Company, at Ilion, N. Y. This latter company was not 
making a profit, and Mr. Green was given the commission of investi- 
gating the entire process of manufacturing arms. He spent two or 
three years at the Remington plant, designing new equipment and 
re-arranging machinery, until, finally, it was operating on a profit- 
able basis.” 

Concerning Mr. Green's work after 1908, Mr. Hopson writes: 
‘Among his more important clients was the Farr Alpaca Company, 
of Holyoke, which spent under his direct supervision and charge from 
$12,000,000 to $15,000,000. 

“In 1911, he was given a commission by Max Henkels, who 
had come to the United States from Germany to engage in the lace- 
manufacturing business, at Bridgeport. Mr. Green designed and 
supervised the construction of a weave shed; a two-story and basement 
brick mill building; and in 1915, a three-story building of reinforced 
concrete. The design of this latter building was rather extraordinary 
because the posts had to be located so that Nottingham-lace looms 
could be installed in the building. The floors of the building were 
of the mushroom type of construction. 

“In 1912 and 1913, Mr. Green designed and supervised the con- 
struction of a paper mill for the Strathmore Paper Company, at 
Woronoco, Mass., together with its power plant, filter plant, ete. 
For this same company, in 1923, he designed a _ reinforced-concrete 
bridge across the Westfield River, a span of approximately 400 ft, 
supported by three high arches. 

“In 1915, he designed and supervised the construction of the plant 
of the Warner-Klipstein Chemical Company, at South Charleston, 
W. Va. This was a caustic-chlorine plant consisting of many build- 
ings, including a power plant of about 2000-kw capacity, a plant for 
the production of carbon tetrachloride, carbon bi-sulphide, chlorine, 
and caustic soda. 

“In 1918, Mr. Green was awarded the contract by the United 
States Government to design and supervise the construction of the 
large chlorine plant at the Edgewood (Md.) Arsenal. This chlorine 
plant was the largest of this character that had ever been built to 
that time. Its capacity was 100 tons of chlorine gas and caustic 
soda per 24 hr. Mr. Green's work consisted in designing all the 
buildings which were of brick and wood construction. This plant 
consisted of a building for chlorine cells; a salt-treating plant; a 
boiler plant, of approximately 2000 boiler-hp; an evaporator plant 
for salt caustic evaporation, containing eight double-effect evapora- 
tors; and a caustic fusion plant. He designed all the machinery and 
supervised its installation, and was under contract with the Govern- 
ment to supervise the installation of all the equipment and the start- 
ing of its operation. This plant was successfully constructed, and 
operation was started before the end of the World War, or in approxi- 
mately six months. 

“In 1926, Mr. Green designed a new boiler plant for the Fitchburg 
Paper Company, of Fitchburg, Mass. This work consisted of a com- 
plete revision of an old boiler-house and the installation of one 1000- 
hp, 250-lb pressure boiler, with complete pulverized-coal equipment, 
superheaters, and piping system. In connection with this work he 
also designed a high-pressure steam line, with all the supports, about 
1200 ft long, running from this boiler plant to one of the other mills 
over a bridge, about 100 ft long, also designed by Mr. Green. This 
work was entirely under his supervision; he let all the contracts and 
supervised the completion of the work. 

“Tn 1927, he designed a new boiler installation for Joseph Bancroft 
and Sons Company, at Wilmington, Del. This work consisted in the 
removal of two old boilers and the installation of one 1000-hp, 250- 
lb pressure boiler, together with all its auxiliary equipment, stokers, 
etc., and a revision of the boiler-house for this installation. 

“During 1927 and 1928, Mr. Gree. also engineered and supervised 
the construction of the Integrity Trust Building in Philadelphia, 

Mr. Green had been a member of the A.S.M.E. since 1890, and in 
addition to his membership in the A.S.C.E., belonged to the Engineer- 
ing Institute of Canada, Engineering Society of Western Massachu- 
setts, and the American Geographical Society. He was a member of 
the Chamber of Commerce and Taxpayers’ Association of Springfield, 
and president of the latter at the time of his death. He also belonged 
to the Constitutional Liberty League of Massachusetts, National 
Economy League, and Navy League of the United States. He was 
a member of all the branches of the York Rite and of the Scottish 
Rite of the masonic fraternity, being a Knight Templar, a Thirty- 
second Degree Mason, and a member of the Shrine. 

Mr. Green’s death occurred at Springfield on March 22, 1934. He 
is survived by his widow, formerly Miss Ida McKown, of Holyoke, 
and by their two married daughters, Mrs. Mildred (Green) Page, of 
Longmeadow, Mass., and Mrs. Lydia (Green) Meadows, of New 
York, N. Y. 


JOSEPH RUDD GREENWOOD (1883-1934) 


Joseph Rudd Greenwood, who retired in 1930 as president and 
treasurer of the New York Vitreous Enamel Products Corporation, 
Flushing, L. I., N. Y., died in New York on March 2, 1934. 

Mr. Greenwood was born in New York on May 27, 1883, the son 
of Isaac J. and Mary A. (Rudd) Greenwood. He attended the Col- 
legiate and Halsey schools in New York and the Hill School at Potts- 
town, Pa., and was graduated as a civil engineer from Princeton 
University in 1905. After serving as an instructor in civil engineer- 
ing at Princeton in 1905-1906, he took a position as assistant engineer 
with The Ballwood Company in New York, manufacturers of single- 
and four-valve engines, high- and low-pressure and mixed-flow tur- 
bines, and high-pressure pipe joints and bends. He was made super- 
intendent of the pipe shop in 1908, superintendent of construction in 
the field in 1910, general superintendent in 1911, and general manager 
in 1914. 

In 1916 Mr. Greenwood left The Ballwood Company to be me- 
chanical engineer in the office of Charles H. Higgins, but the follow- 
ing year entered the World War as a driver and section leader in the 
American Ambulance Field Service in France. He rose to the rank of 
captain in the service. 

After the close of the War he returned to the employment of Mr. 
Higgins, with whom he remained for several years before becoming 
connected with the New York Vitreous Enamel Products Corpora- 
tion. 

Mr. Greenwood became a member of the A.S.M.E. in 1920, and 
belonged to the Sons of the Revolution, and the University and Prince- 
ton clubs. He is survived by his widow, Ruth M. (Dayton) Green- 
wood, whom he married in 1919. 


ELWOOD GRISSINGER (1869-1934) 


Elwood Grissinger, of Buffalo, N. Y., whose death occurred on 
October 8, 1934, was born at Mechanicsburg, Pa., on March 3, 1869. 
After completing his high school course there he studied telegraphy 
in the ticket office of the Cumberland Valley Railroad at Mechanics- 
burg. At the age of 17 he secured an appointment as a telegraph 
operator on the Norfolk & Western R.R. Subsequently he studied 
stenography at Chaffee Institute, Oswego, N. Y., and worked in the 
general passenger office of the New York, Ontario & Western R.R. 
and for the Pennsylvania Railroad, at Harrisburg, Pa. 

In 1890 Mr. Grissinger entered Lehigh University, from which he 
was graduated four years later with a degree in electrical engineering. 
His scholastic standing was such that he was appointed orator for 
Founder's Day and commencement. He was elected to membership 
in Tau Beta Pi, honorary engineering fraternity, as well as in Delta 
Upsilon. In 1916 the university conferred an honorary M.S. degree 
upon him. 

After his graduation from Lehigh University Mr. Grissinger worked 
for two years in the shops of the Westinghouse Electric & Manu- 
facturing Co., and for three years was district engineer and salesman 
for the company at Syracuse and Buffalo. From 1899 to 1906 he 
was commercial engineer for the Buffalo General Electric Company 
and the Cataract Power & Conduit Co. The following year he was 
general agent for the Niagara Falls Power Company and the Cana- 
dian Niagara Power Company. 

Since 1906 Mr. Grissinger had engaged in consulting engineering in 
the mechanical and electrical fields, and in research work. He 
patented a complete system of long-distance telephony, including 
telephonic speech amplifiers and the only known operable method of 
associating them with the speech transmission circuits. This system 
has been adopted for use on transcontinental lines and all classes of 
long-distance circuits, the United States patents having been pur- 
chased by the American Telephone & Telegraph Co., and was used 
in Europe by the United States Army and its Allies during the World 
War. He also patented a :nethod of sound amplification as exempli- 
fied by phonograph horns. 

Mr. Grissinger became a member of the A.S.M.E. in 1912. He 
was a Fellow of the American Institute of Electrical Engineers 
and a member of The Franklin Institute. He had contributed 
special articles on electric railroading to the journals of the Brother- 
hood of Locomotive Engineers and Firemen. 

Mr. Grissinger married Lucy Martin Ash, of Oil City, Pa., in 1897, 
and is survived by her and a son, Elwood. 


CONRAD VELDER HAHN (1890-1933) 


Conrad Velder Hahn, associate professor of mechanical engineering 
at Drexel Institute, Philadelphia, Pa., and head of the mechanical 
engineering department of the Drexel Evening Diploma School, died 
on December 3, 1933, at the Temple University Hospital. 
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Dr. Hahn was born in Philadelphia on May 9, 1890, the son of 
John G. and Elizabeth (Velder) Hahn. He attended the Central 
Manual Training High School in Philadelphia and was graduated 
from the University of Pennsylvania with a B.S. degree in engineer- 
ing in 1908. An M.E. degree was conferred upon him by the same 
university four years later and San Jose University gave him the 
degrees of Doctor of Engineering and Doctor of Philosophy. 

Dr. Hahn was a member of the faculty of the civil engineering 
department of Temple University Evening School from 1910 to 1912 
and of the mechanical engineering department of the University of 
Pennsylvania during the next two years. He had been connected 
with Drexel Institute since 1919, when he became director of the 
mechanical engineering department of the evening school. 

He had also carried on a consulting practice since 1910 as managing 
director of the Hahn Company, Philadelphia. He was also a director 
and associate engineer of the International Development Company, 
Washington, D. C., consulting mechanical engineer for the Turbo 
Motor Company, East Radford, Va., and a member of N. T. Whitaker 
& Co., Washington. 

During the World War he served in the Ordnance Department, 
as first lieutenant and captain, and received special mention for 
technical service at the Army Ordnance Base Depot, France, and the 
Aberdeen Proving Ground, Scotland. He held the rank of major in 
the Ordnance Reserve Corps. 

Dr. Hahn became a junior member of the A.S.M.E. in 1915. He 
also belonged to The Franklin Institute, National Philosophical 
Society, masonic fraternity, and a number of fraternal orders and 
clubs, including the honorary engineering fraternities, Sigma Xi, 
Tau Beta Pi, and Pi Tau Sigma. 

He is survived by his widow, Lillian (Roth) Hahn, and by his 
mother, a brother, and a sister. 


THEODORE COMMODORE HAILES, JR. (1883-1934) 


Theodore Commodore Hailes, Jr., field engineer for the New York 
State Temporary Emergency Relief Administration, Binghamton, 
Division Office, died in that city on October 29, 1934. 

Mr. Hailes was born in Albany, N. Y., on September 15, 1883, the 
son of Theodore Commodore and Elizabeth (Brooks) Hailes. After 
his graduation from the Albany High School he entered Rensselaer 
Polytechnic Institute, from which he received a C.E. degree in 1907. 
He took part in practically all extra-curricula activities while at the 
Institute and was one of the founders of the Rensselaer Technical 
Society, which later became Pi Kappa Phi fraternity. 

From the time of his graduation until the United States entered 
the World War, Mr. Hailes engaged in the general practice of engi- 
neering and contracting, with an office in Albany. His work included 
examinations and reports on a number of hydroelectric-development 
projects; the design and installation of signal equipment on the Erie 
Canal; construction of several telephone lines; destruction by 
dynamite of ice gorges in the Hudson River several years; super- 
vision of construction of state highways, and quarrying and crushing 
of stone for them; and investigation and reports as expert witness in 
many cases involving engineering. 

In 1917 he accepted a position as superintendent of the Neemes 
Brothers Iron Foundry, at Troy, N. Y., which was engaged in war 
work. He continued with that company for several years after the 
close of the war, then became manager for the Tool & Device Corp., 
of Troy. More recently he had been secretary and treasurer of the 
Engineering Service Corporation, Albany. 

Mr. Hailes became a member of the A.S.M.E. in 1922 and was a 32d 
degree Mason. He is survived by his widow, Charlotte S. (Welch) 
Hailes, whom he married in 1909, two sons, Theodore C. Hailes, 3d, 
and Gardner M. Hailes, and three sisters. 


FRANCIS EDWARD HALLORAN (1882-1932) 


Francis Edward Halloran was born on June 5, 1882, in Brooklyn, 
N. Y., the son of Patrick and Anne (Burke) Halloran. He was gradua- 
ted in 1900 from the Boys High School in Brooklyn and later con- 
tinued his studies through the International Correspondence Schools. 

The greater part of Mr. Halloran’s engineering work was for the 
E. W. Bliss Co., Brooklyn. He was associated with this company 
from early in 1902 until after the close of the World War with the 
exception of about a year during which he worked for C. J. Regan, 
Maspeth, L. I., designing dies for sheet-metal ware and attachments 
for spinning lathes. His first assignments for the Bliss company were 
in the general drafting room. He was then transferred, upon his 
request, to the drafting room of the die department. After the year 
at Maspeth he began his most important work for the company, in 
connection with torpedoes. In the capacity of mechanical drafts- 
man in the torpedo drafting room at the main works of the company 


he worked from 1906 to 1910 laying out the mechanisms in the 
Bliss-Leavitt torpedo; helping to develop the outside superheater 
system; experimenting with gyroscopic steering, hydrostatic depth 
regulating, and reducing-valve gears; redesigning dynamometers; 
and developing new tools and fixtures for the manufacture of torpedo 
parts. He was made chief draftsman in 1910 and during the next 
three years was engaged in the design and construction of an ‘‘angle- 
fire’’ gyroscope, depth mechanism, steering engines, launching tubes, 
and high-pressure air accumulators for the company’s proving steamer 
Emblane. 

In 1913 the torpedo department was relocated at the 53d Street 
works of the company and for about ten years longer Mr. Halloran 
devoted himself to supervising all the experimental and research 
work incident to further increasing the speeds, range, and reliability of 
torpedoes. 

After leaving the Bliss company Mr. Halloran was mechanical de- 
signer first at the Edison Lamp Works of the General Electric Com- 
pany at Harrison, N. J., and then with the Trans-Lux Daylight Pic- 
ture Screen Corporation, Brooklyn. He helped to perfect the 
machinery for manufacturing frosted bulbs, in the former position, 
and in the latter worked on the Trans-Lux stock quotation projec- 
tion machine and motion picture projection. Poor health forced 
his retirement from the Trans-Lux company, and his death from 
heart disease occurred on March 20, 1932, at the home of his sister, 
Mrs. M. Gertrude Quinn, Corona, L. I., N. Y. 

Mr. Halloran became a member of the A.S.M.E. in 1920. 


JOHN HANKIN (1865-1933) 


John Hankin, for nearly forty years president of John Hankin & 
Brother, consulting engineers, New York, N. Y., died at his home in 
Passaic, N. J.,on November 30, 1933. 

Mr. Hankin was born on September 21, 1865, in Farnworth, Lanca- 
shire, England, the son of William and Susannah Hankin. He came 
to the United States with his parents in 1874 and secured his early 
education in the public schools in Rome and Watertown, N. Y. Sub- 
sequently he attended the Brooklyn Evening High School for one year 
and took mechanical and scientific courses at Cooper Institute. 

Mr. Hankin’s first employment was in Watertown, N. Y., in the 
shops of the Davis Sewing Machine Company, in 1880. He then 
served a four-year apprenticeship at the Steam Engineering Works 
there, after which he was employed as a journeyman machinist at 
the works and by the Eames Vacuum Brake Company, Watertown, 
the James Brady Manufacturing Company, Brooklyn, and Arnoux & 
Hochausen Electric Co., New York. For two years, beginning in 
March, 1888, he was draftsman for the Buffalo Forge Company, and 
for the next three years engaged in sales engineering for the Akron 
Heating & Ventilating Co., Akron, Ohio, and Cook & Co. and‘Jas. 
Beggs & Co., New York. 

From August, 1893, to a year from that time Mr. Hankin was a 
partner in the Armstrong Engineering Company, New York. He 
then went into the general engineering business for himself. The 
firm of John Hankin & Brother was established in 1900. 

Mr. Hankin became a member of the A.S.M.E. in 1913 and be- 
longed to the National Association of Heating and Piping Con- 
tractors, American Society of Professional Engineers, American In- 
stitute of the City of New York, and Building Trades Employers’ 
Association of New York. He was also a member of the masonic 
fraternity, the Blizzard Men of 1888 Club, and the Transportation 
Club, New York. 

Surviving Mr. Hankin are his daughter, Mrs. E. Hans Jacob, of 
New York; a brother, Dr. Walter Hankin, of Bisbee, Ariz.; a step- 
son, Dr. John Townsend, of Passaic, a son of his deceased wife, the 
former Mrs. Ida Dieter Townsend, of Buffalo; and two grandsons, 
Robert Earl and John Edward Jacob. 


JAMES HARTNESS (1861-1934) 


The American Society of Mechanical Engineers lost one of its 
most honored members, and the profession one of its most dis- 
tinguished engineers, in the death of Ex-Governor James Hartness, 
of Springfield, Vermont, after a long illuess, on February 2, 1934. 
His loss will be deeply felt by all who have . ver known him. 

James Hartness was born in Schenectady, N. Y., on September 3, 
1861. His father, John W. Hartness, a man of dry, salty humor and 
keen understanding of human nature, moved to Cleveland in 1863, 
where he was a foreman in various machine shops. James Hartness 
was educated in the Cleveland public schools and began learning 
his trade at sixteen, at a wage of 45 cents a day, first with Younglove, 
Massey, and Company, of Cleveland, where his father was superin- 
tendent, and then in the machine shop of the Union Steel Works. 
In the latter shop he first came into contact with close, accurate work 
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under Jason A. Bidwell, one of the fine New England mechanics of 
the older generation. Later, Mr. Hartness went to the Lake Erie 
Iron Works as a toolmaker. In 1882 he secured a position, through 
correspondence, as foreman of the Thomson, Stacker Bolt Company 
in Winsted, Conn. When he reached there the superintendent ex- 
ploded at the youth of the man whom he had hired. Hartness waited 
until the storm was over and then offered to release the firm from 
its contract but to stay until his successor was installed. He re- 
mained three years. In 1885 he went to the Union Hardware Com- 
pany, of Torrington, Conn., manufacturers of gun implements, first 
as toolmaker, then foreman, and later as inventor. During the year 
1888 he worked for a few months each at the Pratt & Whitney Com- 
pany in Hartford, at Scottdale, Pa., and with the Eaton, Cole, and 
Burnham Company in Bridgeport. 


CoNnNECTION WiTH Jones & LAMSON MACHINE COMPANY 
ESTABLISHED IN 1889 


He went to the Jones & Lamson Machine Company in March, 
1889, the year in which the company moved from Windsor to its 
present location at Springfield, Vermont. He was at first superin- 
tendent until 1893, then manager until 1900, and president from then 
until his retirement last year. Mr. Hartness’ going to the Jones & 
Lamson Machine Company added another to the list of great mechan- 
ics who made the history of this company, or rather the succession of 
companies of which it is a part. It began about 1838 at Windsor, 
Vermont, as the Robbins and Lawrence Company, and through the 
middle of the century, under Richard S. Lawrence, Frederick W. 
Howe, and Henry D. Stone, this small shop made engineering history. 
The ever-widening influence of their work is felt te this day. Here 
was developed and first manufactured the hand-operated turret lathe, 
the beginnings of the milling machine later known as the Lincoln 
miller, drop hammers, and many tools adapted to arms manufacture 
and other types of accurate work. Through various changes the firm 
became Lamson, Goodnow, and Yiie, E. G. Lamson and Company, 
the Windsor Manufacturing Company, and in 1879 the Jones & Lam- 
son Machine Company. Mr. Hartness brought with him the funda- 
mental ideas of the Hartness flat turret lathe which he had had in his 
mind for a number of years. He undertook, as superintendent, to 
develop and manufacture this machine, and in so doing opened 
up a new period in the history of the company. Like other shops 
of the time, the successive companies at Windsor had scattered their 
energies over a wide line. An old ‘‘poster’’ of the Windsor Manu- 
facturing Company shows them offering engine lathes, turret lathes, 
planers, saw-mill and quarrying machinery, engines and _ boilers, 
trip-hammers, sewing machines, rifles, ‘‘etc., etc.’"” Things had im- 
proved somewhat in this respect, but with the removal of the company 
to Springfield and the coming of Mr. Hartness there was a radical 
change. He concentrated its activities on a single size of the flat 
turret lathe, and the tools for it, dispensed with agents and sold direct, 
and instituted a new type of sales literature. Under his leadership 
the company rapidly acquired a world-wide recognition. This is all 
the more remarkable for its being located in a small town in a Ver- 
mont valley six miles off a minor railway, a location, by the way, 
which he always defended and said he would in no wise change. 


Services To A.S.M.E. anp THE PUBLIC 


Mr. Hartness joined The American Society of Mechanical Engi- 
neers in 1891. He was a manager from 1909 to 1912, and vice-presi- 
dent in 1912 and 1931. On the German trip of the Society in 1913, 
President Goss was unable to go and Mr. Hartness, as senior vice- 
president, acted as head of the party on all the formal occasions. 
He did this so acceptably to all that he was elected president of the 
Society in the following year, 1914. He was president of the Ameri- 
can Engineering Council from 1924 to 1926, and as a past-president, 
served as a member of its Assembly for the six years following his 
presidential term. He therefore held the highest elective positions 
in the gift of his profession. 

In 1912 he was appointed a member of the A.S.M.E. Special Com- 
mittee on Tolerances in Screw-Thread Fits, and he served for many 
years on this and other committees on screw-thread standardization. 

His public services were as distinguished as those for the engineer- 
ing profession. He served his state as chairman of the State Board 
of Education for six years (1914-1920), was chairman of the Com- 
mittee of Public Safety during the War, and also Federal Food Ad- 
ministrator, and, in 1921 to 1923, served as the sixty-first governor of 
Vermont. In national affairs he was a member of the commission 
which represented the United States at the Inter-Allied Air Craft 
Standardization Conferences in London and Paris; and was vice- 
chairman of the Congressional Screw-Thread Standardization 
Committee from 1918 to 1920. 

He was a member of the Society of Automotive Engineers, the 
Aero Club of America, the American Astronomical Society, a Fellow 
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of the American Association for the Advancement of Science, the 
Royal Astronomical Society, the Royal Society for Encouragement of 
Arts, the Royal Societies Club of London, and the Institution of 
Mechanical Engineers in London. In 1921 he was awarded the John 
Scott Medal by the Board of Directors of the City Trusts of Phila- 
delphia, and the Edward Longstreth Medal by The Franklin Institute 
of Philadelphia. 

He is the author of a number of papers before the A.S.M.E., includ- 
ing his presidential address on ‘‘The Human Element, The Key to 
Economic Problems.’’ He also wrote two books, ‘““‘The Human 
Factor in Works Management” which was widely distributed, and 
translated abroad, and Machine Building for Profit.” 

He was given the honorary degree of M.E. by the University of 
Vermont in 1910, honorary M.A. by Yale University in 1914, and 
LL.D. by the University of Vermont in 1921. 

In 1885 he married Lena Sanford Pond, of Winsted, Conn., who 
died in March, 1933. He is survived by two daughters, Anna Jack- 
son, who married Dr. William H. Beardsley, and Helen Edith, who 
married Mr. Ralph E. Flanders. 


Mr. HartNess A Prouiric INVENTOR 


Mr. Hartness was a prolific inventor and he held patents in this 
country and abroad for more than 100 inventions. Among these was 
the flat turret lathe which he began developing from the time of his 
first coming to Springfield. In the old type of high turret lathes, de- 
veloped originally by the Robbins and Lawrence Company, the 
turret revolved about a large vertical pin and all subsequent develop- 
ment had followed that design. Mr. Hartness felt that a stiffer and 
more accurate construction was possible and investigated the disk 
turret, the barrel turret, and the flat turret. He settled finally upon 
the flat turret which appealed to him as offering all the advantages 
of the old type with possibilities of greater stiffness and precision. 
It was low, could be clamped at points far apart, and permitted the 
location of the locking pin directly under the cutting tool. Following 
out this general design, he developed a lathe which has found wide 
use here and abroad for the large output of accurate work. Among 
the improvements were the cross-sliding head in 1903, the double- 
spindle type in 1910, and the Hartness automatic lathe. 

The Lo-Swing and Fay automatic lathes are two more machines 
invented by him, or greatly influenced by his work. In connection 
with lathes, he developed many special tools to be used in connection 
with them, and among these were the well-known Hartness threading 
dies, which became an important element in the company’s business. 
Associated with these was the Hartness thread comparator, a refined 
method for the gaging of screw threads by optical means, which not 
only tells whether the threads are off standard, but precisely wherein 
they depart from it. He also invented the Hartometer, another type 
of gage for screw-thread inspection. 


His INTEREST IN ASTRONOMY 


Mr. Hartness’ avocations were as interesting as his vocation. 
He spent four summers on a yacht following down the coast as far 
as Chesapeake Bay. In 1916 he learned to fly and won an amateur 
pilot’s license. His interest in aviation continued throughout his 
whole life and he was largely influential in establishing a landing field 
at Springfieid as a memorial to the soldiers and sailors of the World 
War. It was at this field that Lindbergh landed for his stop in Ver- 
mont during the tour of the country after his Paris flight. 

For years astronomy claimed his attention. After suffering from a 
cold acquired in using the old-fashioned type of telescope, he devised 
the turret equatorial telescope, which was an adaptation of the 
fundamental idea of the flat turret lathe, wherein a large ring was 
substituted for one of the axes in the usual equatorial type. This 
permitted the observer to work inside, under warm and comfortable 
conditions at all times. One of the happy incidents of the A.S.M.E. 
trip in 1913 was to run into a model of this type of telescope in the 
astronomical section of the Deutsches Museum at Munich. This 
invention was the subject of a valuable paper before the Society at its 
Annual Meeting in 1911, and gained for him membership in both 
English and American astronomical societies. It was mounted over 
an underground room, one of a long series, running under the lawn in 
front of his home, connected by a heated and air-conditioned tunnel, 
and containing workrooms, library, and lounging room. Here he did 
much of his later work, and it formed a unique feature of the home 
whose charming hospitality will long be remembered. 

His interest in astronomy aroused many others, so that there is 
probably no community of size similar to Springfield where there is 
such widespread interest in astronomy and in the building of amateur 
telescopes. 


His INFLUENCE ON OTHER MEN 


An outstanding characteristic of Mr. Hartness’ life was his in- 
fluence on and encouragement of young men. A number of impor- 
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tant machines have been developed by men connected with his 
company and are now being manufactured by other firms. He dis- 
covered and helped in various ways many men now well known in 
the engineering profession, among whom are George O. Gridley, in- 
ventor of the Gridley automatic, and vice-president of the New 
Britain-Gridley Machine Company; Edwin R. Fellows, inventor of 
the gear shaper, and president of the Fellows Gear Shaper Company; 
the late William L. Bryant, who was president of the Bryant Chucking 
Grinder Company; Frederick P. Lovejoy, president of the Lovejoy 
Tool Company; and Ralph E. Flanders, who succeeded Mr. Hartness 
as president of the Jones & Lamson Machine Company. Mr. Hart- 
ness’ concentration on his own machines was so great that he would 
not be diverted in his own work by the inventions and ideas of these 
younger men, but as they brought their ideas to him he freely gave 
them help and encouragement and was a factor in their success. 

Though Springfield is a small country town, there has grown up 
there a large group of important tool-building plants, largely through 
his infiuence. 

Governor Hartness was one of the foremost mechanical engineers 
of this country and generation, and a splendid example of the engi- 
neer in public life. The Society holds him in affection and honor as an 
engineer and as a citizen.—J. W. Rog.! 


WILLIAM JOSEPH HENNESSY (1873-1934) 


William Joseph Hennessy, a veteran of the Spanish-American War, 
died in Washington, D. C., on November 26, 1934, and was buried in 
Arlington Cemetery with military honors. When war was declared 
with Spain Mr. Hennessy was employed by the American Line Steam- 
ship Company on the St. Paul, which was taken over by the Navy 
Department and placed under the command of Captain Charles D. 
Sigsbee, who had commanded the battleship Maine. Mr. Hennessy 
enlisted as a chief machinist and served on the St. Paul until the close 
of the war. 

He was bern at Jersey City, N. J., on September 27, 1873, son of 
Michael J. and Elien T. (Clancy) Hennessy. His father was chief 
engineer in the United States Navy. After he had completed his 
high-school course in Jersey City he became an apprentice machinist 
with the William Cramp & Sons Ship & Engine Building Co. and dur- 
ing his apprenticeship also took evening courses in mechanical en- 
gineering at The Franklin Institute, and correspondence courses in 
marine engineering through the International Correspondence School. 

He entered the employ of the American Line in 1895, and with the 
exception of his six months in the Spanish-American War, was con- 
nected with the company for five years, serving from junior to second 
engineer on vessels between the United States and England. In 
1901 and 1902 he was a machinist in the Construction and Repair De- 
partment at the United States Navy Yard, New York, engaged for 
the most part in experimental work. During the next two years he 
was first assistant engineer for the Mallory Steamship Company, on 
boats running between New York and Georgia, Florida, and Texas 
cities. 

He returned to Government service in November, 1905, as chief 
engineer in the United States Coast and Geodetic Survey. During 
about eight of the twelve years he spent in this service he was con- 
nected with important surveying expeditions in the Philippines, 
Alaska, and the West Indies, as well as work on the Atlantic Coast. 
Four years were spent in shore duty in the office of the Survey at 
Washington, and in different parts of the United States. One of his 
assignments was the inspection of the steam yacht Jsis in 1915, which 
was taken over by the Navy upon his recommendation. He de- 
signed, wrote the specifications,and supervised the construction of the 
boilers, engines, and auxiliaries of the steamer Surveyor, built in 1917 
for the Survey at the works of the Manitowoc Ship Building Com- 
pany in Wisconsin, and served as chief engineer on its maiden trip to 
Washington and Norfolk. 

During the World War Mr. Hennessy was inspector of engines and 
boilers for the Emergency Fleet Corporation of the United States 
Shipping Board, in connection with work being done in the Central 
States area. 

Subsequently he was superintendent, for a time, of marine engine 
construction for the Dodge Manufacturing Company, in Indiana, 
and more recently had served as chief engineer in charge of the plants 
at Woodstock College, Gonzaga College, and St. Aloysius Church, 
Washington. He was in poor health the last few years of his life. 

Mr. Hennessy received medals from the United States Navy and 
Shipping Board, and from the State of New Jersey for his war service. 

Mr. Hennessy was not married. He is survived by a brother, the 


1 Professor of Industrial Engineering, New York University, New 
York, N. Y., and author of ‘“‘English and American Tool Builders,” 
McGraw-Hill Book Co., 1926. Mem. A.S.M.E. 


Reverend Charles J. Hennessy, of Woodstock, Md., and by two 
sisters, Miss Ella Hennessy and Mrs. Lydia Bahlman, both of Wash- 
ington. He became an associate-member of the A.S.M.E. in 1918. 


WILLIAM THOMAS HENRY (1845-1933) 


William Thomas Henry, of Fail River, Mass., died in that city on 
July 22, 1933. He was born there on February 27, 1845, son of 
James and Martha (Whitaker) Henry, and received his early educa- 
tion in local schools. He took courses in civil and mechanical en- 
gineering with the class of 1870 at the Massachusetts Institute of 
Technology. He then entered the employ of Josiah Brown, civil 
engineer, Fall River, and upon his death five years later took over the 
business, which he continued until his retirement from business. He 
was connected with the design and construction and engineering 
problems of many of the textile mills in that part of the country 
and the inventor of a belt-driving mechanism patented in 1910. 

Mr. Henry became a member of the A.S.M.E. in 1887 and be- 
longed to the American Historical Society in Fall River and the 
Methodist Episcopal church there. His first wife, 8. Louise Hadcock, 
whom he married in 1884, died nine years later. He is survived by his 
widow, Carrie 8S. Henry, whom he married in 1898. 


FREDERICK WILLIAM HESPE (1889-1934) 


Frederick William Hespe, whose death occurred on April 16, 1934, 
was born in Jersey City, N. J., on July 27, 1889. He attended 
the Stevens School and Stevens Institute of Technology, Hoboken, 
N. J. His first position was with the Public Service Corporation 
of New Jersey, Newark, where he worked on machine design and in 
the claims department from 1911 to 1918. The next year was spent 
as chief inspector of metal parts for the Standard Aircraft Corpora- 
tion, Elizabeth, N. J. In 1919-1920 he was machine designer for the 
American Sawmill Machinery Company, Hackettstown, N. J., and 
from 1920 to 1923 held a similar position at the Picatinny Arsenal, 
Dover, N. J. He became co-partner of the Wharton (N. J.) Foundry 
in 1923-and owner in 1926, and engaged in the manufacture of gray 
iron castings until 1928. He then went to the Fokker Aircraft Cor- 
poration of America, Passaic, N. J., where he worked first as machine 
designer and subsequently as supervisor of the shop of the research 
department. More recently he had been supervisor of research at 
the General Aviation Manufacturing Corporation, Passiac. 

Mr. Hespe became a member of the A.S.M.E. in 1931. He is sur- 
vived by his widow, Rita Hespe. 


FRANK JOSEPH HESS (1896-1934) 


Frank Joseph Hess, instructor at Brooklyn (N. Y.) Technical 
High School from 1926 until the time of his death on December 26, 
1934, was born in Buffalo, N. Y., on August 17, 1896. His parents 
were Frank William and Mary H. (Schroeder) Hess. He secured 
his early education in the schools of Clifton, N. J., then attended the 
Stevens Institute of Technology for two years. He secured a B.S. 
degree from New York University in 1920 and his M.E. degree two 
years later. Columbia University conferred a posthumous M.A. de- 
gree upon him in February, 1935. 

Mr. Hess was an assistant superintendent with the Tidewater Oil 
Company in Bayonne, N. J., from 1920 to 1924. He was an engineer 
at Columbia University between then and the time he joined the 
faculty of the Brooklyn Technical High School. 

Mr. Hess became a junior member of the A.S.M.E. in 1921 and 
also belonged to the masonic fraternity. He was an ensign in the 
United States Naval Reserve in 1918 and a sergeant in field artillery 
in the United States National Guards, in New York, from 1926 to 
1930. He is survived by his widow, Edna M. (Flewelling) Hess, 
whom he married in 1924. 


EDWARD MARRIOTT HEWLETT (1866-1934) 


Edward Marriott Hewlett, an electrical engineer and inventor for 
many years associated with the General Electric Company and known 
for his connection with important engineering projects, died at his 
home in Schenectady, N. Y., on May 24, 1934, of a cerebral hemor- 
rhage. 

Mr. Hewlett was born at Cold Spring Harbor, L. I., N. Y., on 
September 14, 1866, a son of Edward T. and Eliza (Marriott) Hewlett. 
He was educated in private schools and by private study in civil and 
mechanical engineering and physics. From 1884 to 1890 he was 
general manager and civil engineer of the Cascade Town Improve- 
ment Company, Cascade, Colo. In 1888 he surveyed and laid out 
the first road to the top of Pike’s Peak. 

Mr. Hewlett took up electrical engineering in April, 1890, when he 
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went to work for the Thomson-Houston Electric Company, at Lynn, 
Mass., where he assembled, tested, and repaired electrical machinery. 
After about a year there he was sent to South River, N. J., where he 
worked until March, 1892, on the design and construction of em- 
broidery machinery. He was then transferred to the New York 
office of the Thomson-Houston company and assisted in the installa- 
tion of a focusing lamp and strings of incandescent lamps on the 
Statute of Liberty for the Columbian Exposition. After this work 
was completed he returned to Lynn, where he assisted in designing 
electrical switchboards for railways. 

In 1894 Mr. Hewlett went to Schenectady as assistant design 
engineer for the General Electric Company, which had taken over the 
Lynn plant. Two years later he was advanced to the position of 
design engineer in the railway department, and when the switch- 
gear department was organized in 1898 he was appointed its head. 
He was active in the work of this department until 1927, when he be- 
came consulting engineer for it. He retired from service in 1931. 

Mr. Hewlett designed switchboards for the control of the locks of 
the Panama Canal and for the Metropolitan Street Railway Com- 
pany, New York Edison Company, Manhattan Elevated Railway, 
Interborough Rapid Transit Company, and Grand Central Terminal, 
allin New York. He also handled the electric lighting of Tiffany’s 
store in New York and designed special electrical effects for outdoor 
displays. 

Between 1905 and 1907 Mr. Hewlett, in association with H. B. 
Buck, then engineer of the Niagara Falls Power Company, evolved 
the Hewlett suspension insulator, which made possible the transmis- 
sion of voltages between 100,000 and 220,000 and higher, as against 
about 60,00C volts which could be sent with the earlier pin-type in- 
sulator. In 1906 he received a silver medal at the St. Louis Exposi- 
tion for the development of the oil switch, from which sprang the 
entire modern line of oil circuit breakers, operating at high inter- 
rupting frequencies. He also originated the electrical relay, an 
indispensable factor in electrical control systems. He received the 
Coffin Award of the General Electric Company for special marine 
apparatus. He proposed and designed the modern fire-control sys- 
tem of the United States Navy, and during the World War was chief 
engineer of the Navy Experimental Station at New London, Conn. 
Altogether, Mr. Hewlett held about 160 patents for his inventions. 

Mr. Hewlett became a junior member of the A.S.M.E. in 1897 and 
a member three years later. He was a Fellow of the American Insti- 
tute of Electrical Engineers, and belonged to the masonic fraternity 
as well as to a number of clubs in New York and Schenectady, in- 
cluding the Engineers’ in New York and the Mohawk and Electrical 
in Schenectady. 

Surviving Mr. Hewlett are his widow, Mrs. Susan (Mauger) Hew- 
lett, who resides with her son, John Mauger Hewlett, of Teaneck, 
N. J.; and two other sons, Edward P. Hewlett, of Schenectady, 
and Paul Marriott Hewlett, of Albany, N. Y. 


LOUIS JOSEPH HIRT (1854-1933) 


Louis Joseph Hirt, retired consulting engineer, New York, N. Y., 
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he took up consulting work for the Toronto Power Company, Tor- 
onto, Canada, and the Winnipeg Electric & Manitoba Power Com- 
panies, Winnipeg, Canada, which he served until 1926. In 1910 he 
also became consulting engineer for the Brazilian Traction, Light & 
Power Co., Ltd., Mexican Light & Power Co., Ltd., and Barcelona 
Traction, Light & Power Co., Ltd., the head offices of all of which were 
located in Toronto. His service to these companies continued until 
his retirement in 1925, and he therefore played an important part in 
the inception and development of their hydroelectric properties. 
On the occasion of the golden wedding anniversary of Mr. and Mrs. 
Hirt in 1925 they were presented with a gold bowl from these three 
companies, the inscription on which included a tribute to the skill and 
technical ability of Mr. Hirt. 

Mr. Hirt held many patents in the street-railway field and on gas 
engines. He had been a member of the A.S.M.E. since 1894, and 
had belonged to the New York Athletic Club and Lawyers Club prior 
to his retirement. He is survived by a son, Edward L. Hirt, of 
Toronto, and by two daughters, Mrs. Sidonia (Hirt) Jackson, of 
South Orange, N. J., and Mrs. Florence (Hirt) Ellis, of Longmeadow, 
Mass. His wife, Alice M. (Flammand) Hirt, whom he married in 
1875, died in 1934. 


PLINY EASTMAN HOLT (1872-1934) 


Pliny Eastman Holt, director of the Caterpillar Tractor Company, 
San Leandro, Calif., died of heart disease at his home in Stockton, 
Calif., on November 18, 1934. He will be remembered not only for 
his inventions and improvements in tractors, harvesters, and other 
farm equipment, and for his service to the city of Stockton as chair- 
man of its Port Commission; but more widely for his developments 
in the field of ordnance. 

In this field Mr. Holt’s achievements were threefold. During 1917 
he assisted the Ordnance Department of the United States Army in 
the development of 2!/2-, 5-, and 10-ton artillery tractors, at the Peoria, 
Ill., plant of the Caterpillar Tractor Company. He was appointed 
chairman of the Motor Artillery Board and during the remainder of 
the War was located in Washington, declining a commission and 
serving without a salary. He completed the designs for a one-man 
tank, supervised the design of a 150-ton tank, and had begun work 
on a much larger unit when the War ended. Perhaps his most out- 
standing achievement was the caterpillar gun mount, the design for 
which he completed shortly before the close of the War. Subse- 
quently he supervised the construction and testing of a working 
model. The design provided for the mounting of light- and medium- 
weight field guns directly on a caterpillar chassis, armed and equipped 
for military service, and capable of traversing terrain utterly im- 
passable to anything except a track-laying tractor. The design was 
accepted and the mount has become a standard part of army equip- 
ment. 

Mr. Holt was born at Loudon, near Concord, N. H., on August 27, 
1872. He was the son of William Harrison Holt, who, with his 
brothers, Charles and Benjamin Holt, started the firm of Holt Broth- 
ers in San Francisco in 1869. His mother was Clara Susan (Cate) 
Holt. His education, secured in the schools of Minneapolis, Minne- 


i died in that city on September 20, 1933. He was born in Paris, 

3 France, on September 26, 1854, and was educated in that country, sota, included three years’ special work in mechanical and electrical 
i He served as an apprentice in the shop of his father, Joseph Hirt, for engineering at the University of Minnesota. 

be two years and secured further experience in the marine shop of Esher At the age of 23 Mr. Holt took a position with the Carter Brake 


Company, in Chicago, IIl., as superintendent, and for about a year was 
engaged in the manufacture of a special street-car brake. In 1896 
he became a draftsman for the Holt Manufacturing Company at the 


Wyss & Co., Zurich, Switzerland, and with the Northern Railroad of 
France. He went to London in 1876 and was employed successively 


is by Leger & Co., manufacturers of mathematical and optical instru- 


ments, and by J. Moore as general workman on watchmaker’s tools. 
In 1878 and 1879 he was foreman, first at the Keystone Valve Com- 
pany in Wolverhampton, England, and then at the steam-pump works 
of J. Evans & Son there. 

Mr. Hirt came to the United States in July, 1880, and until the 
fall of 1882 was employed as foreman at the machine shop of Hanan & 
Lewes, New York. From then until 1885 he was superintendent 
of the machine shop of Merrill Bros., Brooklyn. He went to Ro- 
chester, N. Y., in 1885 and for two years was master mechanic of the 
Standard Nail Company there. During the next year he was chief 
draftsman at the Walker Manufacturing Company, Cleveland, Ohio, 
and from 1888 to 1890 traveling engineer for the Hill Clutch Works of 
that city. 

From 1890 to 1896 Mr. Hirt was connected with the West End 
Street Railway, Boston, Mass., as master mechanic and chief engi- 
neer. He then returned to New York, taking the position of me- 
chanical engineer for the New York Cable Railroad (later known as 
the Metropolitan). After two years with that company he became 
chief engineer for the New England Gas & Coke Co., Everett, Mass. 

In 1900 Mr. Hirt took a position as mechanical engineer for the 
Pearson Engineering Corporation, New York, later becoming its 
vice-president and continuing in that capacity until 1920. In 1906 


Stockton plant. He was made superintendent in 1903, vice-president 
in 1906. He was also president of the Aurora Engine Company and 
treasurer of the Houser & Haines Manufacturing Co. He resigned 
these positions in 1909 to establish the Holt Caterpillar Company at 
Peoria, but after serving the new company as president and general 
manager for about a year he was forced to resign because of ill health. 
In 1912 he became vice-president and general manager of the Holt 
Manufacturing Company, at Stockton, with which had been con- 
solidated the Holt Caterpillar Company, Aurora Engine Company, 
and Houser & Haines Manufacturing Co. Ill health again neces- 
sitated his retirement as manager in 1916, but he retained the office 
of vice-president, and since the close of the War had served the 
company as director. 

The inventive ability of Mr. Holt accounted in a large measure 
for the success of the Holt company and the industrial growth of his 
community. Nearly all of the agricultural machinery manufactured 
by the company was designed by him or had met improvement at his 
hands. 

In recent years Mr. Holt had given much of his time to civic activi- 
ties, and particularly to the Stockton Port Commission, of which he 
had been chairman since its formation. His careful, first-hand study 
of the industrial and technical details of the development of the port 
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were invaluable. He was a member of the Statewide Water Commis- 
sion and had sponsored the movement for the construction of the 
Central Valley Water Project. He belonged to the San Francisco 
and Stockton Chambers of Commerce, was a director of the Stockton 
Land, Loan and Building Association, and a member of the advisory 
board of the Bank of America. 

Mr. Holt became a member of the A.S.M.E. in 1915 and also be- 
longed to the Society of Automotive Engineers, Society of Agricultural 
Engineers, Institute of Radio Engineers, American Association for the 
Advancement of Science, and other engineering and scientific or- 
ganizations, as well as to the masonic fraternity and to many clubs. 
He was a director of the Army Ordnance Association and president 
of the San Francisco post of the Association. 

In addition to his widow, Mrs. Florence (Guernsey) Holt, whom he 
married in 1909, he is survived by three sons and a daughter, Pliny 
Guernsey Holt, Frank Harrison Holt, Richard Eastman Holt, and 
Miss Harriet Holt. 


BRONSON LOVETT HUESTIS (1890-1934) 


Bronson Lovett Huestis, who died on May 29, 1934, was born in 
Long Island City, N. Y., on June 15, 1890, the son of Robert Sidney 
and Hanna M. (Isberg) Huestis. He attended the Erasmus Hall 
High School and Brooklyn Polytechnic Institute, receiving his 
mechanical engineering degree in 1913. Prior to his graduation, 
in the summer of 1912, he worked as a patent draftsman. 

During the latter part of 1913 and early 1914, Mr. Huestis taught 
evening classes in machine design at J}: ooklyn Polytechnic Institute 
and was employed daytimes by the <:resau Engineering Company, 
Brooklyn, on the design of special machinery. He was next employed 
by the International Callophone Corporation, New York, N. Y., 
first as draftsman on new types of telephone apparatus and later in 
charge of a small machine shop for developing this apparatus. Later 
in the year he assisted his father in connection with plumbing and 
wiring for new residences. After a period of illness he again became 
connected with Brooklyn Polytechnic Institute, as instructor in 
machine-shop practice and toolmaker for laboratory apparatus. 

At the close of the school year in 1915, Mr. Huestis entered the 
employ of Westinghouse Church Kerr & Co., New York. He was 
connected with that company until November, 1917, working as 
draftsman on sanitation, heating, and ventilation layouts for plants, 
and testing materials of construction, principally concrete and steel. 

In November, 1917, Mr. Huestis became assistant inspector of 
ordnance matériel for the Ordnance Department of the United 
States Army, and until April, 1919, was stationed in Connecticut, his 
duties being at the New Britain Machine Company and the Win- 
chester Repeating Arms Company, New Haven. He was in charge 
of a division of ballistic tests of small-arms ammunition, and the 
selection of all Government test specimens at the Winchester com- 


pany. 

In the fall of i919 he returned to civilian work with the Pratt 
Engineering & Machine Co., New York, in charge of the mechanical 
design department, working particularly on chemical plants and 
equipment. This led to his connection two years later with the Dorr 
Company, New York, as designer of chemical plants and equipment 
and the following year as designer of sugar-mill equipment and plants 
for the Francisco Sugar Company, New York. 

Beginning in December, 1922, Mr. Huestis was employed by the 
American Railway Association, New York, until his death. He was 
first connected with the Freight Container Bureau, inspecting 
methods of fruit packing all over the United States, and also carrying 
on independent research work on freight handling and preparing 
articles for the technical press on this subject. His book on ‘‘Ship- 
ping Containers’ was published in 1925. In 1923 he became super- 
visor of the Accident Department of the Bureau of Explosives and 
subsequently was editor of the ‘‘Accident Bulletin” published by the 
Bureau. - 

Mr. Huestis became a junior member of the A.S.M.E. in 1913, an 
associate-member in 1917, and a member in 1923. He was par- 
ticularly interested in photography, including motion-picture photog- 
raphy. He was unmarried. 


EDWARD WALTER JONES (1889-1934) 


Edward Walter Jones, vice-president and manager of the Laclede 
Stoker Company, St. Louis, Mo., died in that city on March 24, 1934. 
He is survived by his widow, Marguerite (Rickert) Jones, whom 
he married in 1920, and by two children, Edward R. and Marion F. 
Jones. 

Mr. Jones was born in Chicago, IIl., on March 10, 1889, son of 
Lewis F. and Margaret (Goss) Jones. After securing a B.S. degree 
at the University of Illinois in 1911 he became testing engineer for 


the Commonwealth Edison Company, Chicago, and remained in that 
position until 1916. He then worked for the American Tar Products 
Company, Chicago, as fuel and power engineer for about three years. 
In 1919 he became chief engineer of the Stoker Department of Laclede- 
Christy Clay Products Company in St. Louis. He supervised the 
design and development of the Laclede chain-grate, forced-draft 
stoker. He became vice-president and manager of the Laclede Stoker 
Company in 1924. He was also active in smoke-abatement work in 
St. Louis. 

Mr. Jones became a member of the A.S.M.E. in 1930 and belonged 
to the Prairie Club in Chicago. 


ALFRED JOHN JUPP (1875-1934) 


Alfred John Jupp, a vice-president of The Lunkenheimer Com- 
pany, Cincinnati, Ohio, died of a cerebral hemorrhage at the Roosevelt 
Hospital, New York, N. Y., on April 10, 1934, while in the city on 
business. 

Mr. Jupp was born in Cincinnati on June 25, 1875, son of Basil 
John and Rosina (Kolker) Jupp. He entered the employ of The 
Lunkenheimer Company at the age of fifteen. In 1896 he was made 
New York representative and continued in that position until 1913. 
He then returned to the home office, becoming a vice-president and 
director of the company. 

Mr. Jupp was active in the Manufacturers Standardization Society 
of the Valve and Fittings Industry and in the Valve and Fittings 
Institute, and for a number of months prior to his death had con- 
tributed much of his time to code work on behalf of the Institute, 
under the National Industrial Recovery Act. He was a member of 
the American Committee to the World Power Conference in 1930. 

He became an associate of the A.S.M.E. in 1917 and also belonged 
to the American Society for Testing Materials, Society of Naval 
Architects and Marine Engineers, American Petroleum Institute, 
Zoological Society of Cincinnati, American Red Cross Society, 
masonic fraternity and Elks, and the Engineers’, Cincinnati, Queen 
City, and Cuvier Press Clubs in Cincinnati. He was unmarried and 
made his home with his sister, Mrs. Sarah J. Rice. 


HERBERT EUGENE KAIGHN (1875-1934) 


Herbert Eugene Kaighn, consulting engineer, Wilmington, Del., 
died on March 18, 1934. He was born at Washington, D. C., on 
August 19, 1875. During his high-school vacations he secured prac- 
tical experience in the ordnance drafting room at the Navy Yard at 
Washington, and subsequently took instruction in ordnance con- 
struction and electrical engineering there and at the Naval Torpedo 
Station, Newport, R.I. He also took private lessons in electrical and 
mechanical engineering. 

From 1894 to 1896 Mr. Kaighn was in charge of an electrical 
course for officers at the Naval Torpedo Station at Newport, and the 
next year was assistant engineer for the Newport Illuminating 
Company. In 1898-1899 he was in charge of electrical equipment, 
marine district, fo: tie New York, New Haven, and Hartford Rail- 
road. From 1900 vw 904 he was again at the Naval Torpedo Station, 
as ballistic engineer in charge of the powder factory and naval maga- 
zine, and the following two years he held a similar position at the 
Naval Proving Ground, Indian Head, Md. During the early part 
of 1907 he was at Philadelphia, Pa., in charge of manufacture of 
powder for the army and navy and the design of machinery for that 
purpose, and was also inspector of ordnance at the Midvale Steel 
Works. 

Later in 1907 Mr. Kaighn entered the employ of the E. I. du Pont 
de Nemours Powder Co. at Wilmington as ballistic and experimental 
engineer in charge of all ballistic and physical tests of powder and the 
design and improvement of methods and apparatus used in this 
connection. He remained with the company until 1917, when he 
established a consulting practice, specializing in designing wiring 
systems for hospitals and other institutions. Since 1926 he had 
specialized in radio and acoustic and amplifying systems. He was 
also consultant for the American Car & Foundry Co. on marine in- 
stallations. 

Mr. Kaighn became a member of the A.S.M.E. in 1913. He also 
belonged to the American Institute of Electrical Engineers and the 
United States Naval Institute. 


FREDERICK KAREL (1882-1934) 


Frederick Karel, appointed car designer by the Board of Trans- 
portation of the City of New York in 1927, died on December 8, 
1934, after a short illness. 

Mr. Karel was born in New York on February 26, 1882, the son of 
William and Antoinette (Pekarek) Karel. He attended Cooper Insti- 
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tute from 1902 to 1905 and later took a course in mechanical engi- 
neering through the International Correspondence School. Between 
1905 and 1920 he was employed nearly all the time by the Central 
Railroad of New Jersey as locomotive and car designer. Between 
1909 and 1916, while serving as senior mechanical draftsman in the 
office of the superintendent of motive power he instructed appren- 
tices in mechanical drawing and elementary mechanics. He was 
boiler and construction engineer for the company from 1916 to 1920. 

During the next four years Mr. Karel was inspector of locomotives 
and equipment for the United States Railroad Administration and the 
Interstate Commerce Commission, and from then until his appoint- 
ment by the Board of Transportation was chief draftsman in the office 
of the superintendent of motive power of the Long Island Railroad 
Company. He did important design work for the Board of Trans- 
portation on the 207th Street Shops, Concourse, and Jamaica Yards 
and in 1911 patented a coupling carry-iron. 

Mr. Karel became an associate-member of the A.S.M.E. in 1921 
and belonged to the masonic fraternity. He is survived by his 
widow, Louise (Vanek) Karel, whom he married in 1908, and by a 
daughter, Mrs. Frances (Karel) Connolly, and two sons, Frederick 
and Arthur Karel. 


EDWARD J. KEARNEY (1868-1934) 


Edward J. Kearney, secretary and treasurer of the Kearney & 
Trecker Corporation, Milwaukee, Wis., died in that city on January 
12, 1934, of pneumonia, after having been in failing health for several 
months. 

Mr. Kearney was born at Little Cedar, Mitchell County, Iowa, on 
April 7, 1868, the son of James Hamilton and Emeline (Smith) 
Kearney. Left an orphan at the age of 12, he began work as an 
engine wiper in a roundhouse on the Chicago, Milwaukee & St. Paul 
R.R. at Egan, 8S. D. He continued in the employ of the road, work- 
ing in various capacities, until a year after his graduation, in 1893, 
from Iowa State College, from which he received the degree of 
Bachelor of Mechanical Engineering. During the year tollowing 
his graduation he was located in the West Milwaukee locomotive 
shops. 

In June, 1894, Mr. Kearney took a position as draftsman with the 
Kempsmith Machine Tool Company, Milwaukee, manufacturers of 
milling machines. Here he met Theodore Trecker and in 1898, dur- 
ing the Spanish-American war, the two friends decided that if Ad- 
miral Dewey were victorious they would start in business together. 
On May 17, 1898, therefore, a partnership was formed under the 
name of Kearney & Trecker for the manufacture of milling machines. 
The business was incorporated under its present name in 1906. 

Mr. Kearney became a member of the A.S.M.E. in 1913. He 
served a five-year term on the Society's standing committee on 
standardization, terminating as chairman of the committee during 
1930. He then became chairman of the Sectional Committee on 
Allowances and Tolerances for Cylindrical Parts and Limit Gages. 
After serving the National Machine Tool Builders’ Association as 
vice-president for four years he was elected its president in 1922. 
He was also secretary and treasurer of the Kearney & Trecker In- 
vestment Co., a director of the LeRoi Company, a trustee of Mil- 
waukee Downer College, and one of the original members of the 
Wisconsin State Board of Vocational Education. During the 
World War he acted as Director of Sales for the Liberty Loan drives 
in the Seventh Federal District. He belonged to the Delta Tau Delta 
fraternity and to a number of clubs in Milwaukee and vicinity. 

Mr. Kearney married Ella B. Norton in 1895, and is survived by 
her and by two daughters, Katherine (Kearney) Carpenter and Alice 
(Kearney) Fuldner. 


WILLIAM THOMAS KEOUGH (1866-1933) 


William Thomas Keough, whose death occurred on January 20, 
1933, was born in Boston, Mass., on December 22, 1866. He was 
graduated from the special course in marine engineering and naval 
architecture at the Massachusetts Institute of Technology in 1888, 
and after taking post-graduate work and lecturing at the Institute he 
entered the employ of the Atlantic Works in East Boston. He re- 
mained there nine years, the last five as chief engineer. 

For the next ten years he carried on work in his own private office 
as consulting engineer in marine engineering and naval architecture. 
Then he was elected a member of the Boston School Committee 
and from 1907 to 1924 held the position of business agent for the 
school board, establishing modern and efficient business methods. 
He was appointed a member of the Boston Finance Commission by 
Governor Allen in 1930 and held that position until his death. 

Mr. Keough became a member of the A.S.M.E. in 1900 and be- 
longed also to the Society of Naval Architects and Marine Engineers 
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and the American Society of Marine Engineers. He was a trustee 
and member of the board of investment of the Home Savings Bank 
and a director and vice-president of the Enterprise Cooperative 
Bank. He was a member of the Charitable Irish Society and presi- 
dent of the Catholic Alumni Sodality. He is survived by his widow, 
who was Rose Butler, of Boston, and by two sons, Paul and John, 
and a daughter, Katherine. 


JAMES WALTER LAWRENCE (1858-1933) 


James Walter Lawrence, emeritus professor of the Colorado Agri- 
cultural College, Fort Collins, since his retirement in 1917, died on 
April 3, 1933. 

He was born on December 14, 1858, at Toronto, Ontario, Canada, 
the son of George and Honora (Naughton) Lawrence. His early 
education was secured in the public schools of Boston, and he subse- 
quently attended the Massachusetts Institute of Technology. 
After working for several years at the Pacific Mills, Lawrence, Mass., 
he became a member of the faculty of the Colorado Agricultural 
College, teaching mechanical engineering and directing the shops 
and laboratory. He was acting president in 1892 and dean of the 
faculty from 1907 to 1913. The college conferred an M. E. degree 
upon him in 1902. 

Professor Lawrence also served as president of the Fort Collins 
School Board from 1902 to 1912. He belonged to the Fort Collins 
Lodge of Masons and the Colorado School Masters Club, and was 
treasurer of the Fort Collins Pioneer Society and a member of the 
St. Lukes Episcopal Church of Fort Collins. He became a member 
of the A.S.M.E. in 1892. 

Professor Lawrence is survived by his widow, Elizabeth (Coy) 
Lawrence, whom he married in 1890, and by a son, George Coy 
Lawrence, of Rochester, N. Y. 


RUSSELL ELLSWORTH LAWRENCE (1889-1934) 


Russell Ellsworth Lawrence, founder of the Lawrence Institute of 
Technology, located at Highland Park, Mich., died at his home in 
Redford, Mich., on June 15, 1934. He founded the Institute in 1932 
and headed it as president and dean. It was his wish that the school, 
which in 1933-1934 had an enrolment of more than eight hundred 
students, be continued as an institution where any student, re- 
gardless of financial status, religion, or nationality, may secure en- 
gineering training. 

He was born in Terre Haute, Ind., on November 4, 1889, a son of 
Elisworth Lyman and Mary C. (Holmes) Lawrence. He received a 
B.S. degree in mechanical engineering from Rose Polytechnic Insti- 
tute in 1913 and during the next three years was employed in steam- 
turbine research for the General Electric Company at Lynn, Mass. 
He then took graduate work at Rose Polytechnic Institute for his 
master’s degree, which he received in 1916. Subsequent work to- 
ward his doctor’s degree at the University of Cincinnati was inter- 
rupted by the World War, and he served in 1918-1919 as a sergeant 
in the Signal Corps, Aviation Section, United States Army. 

From 1919 to 1922 he taught mechanical engineering at the Uni- 
versity of Detroit and was acting dean of the College of Engineering. 
He became dean in 1922 and held that position until he founded 
the Lawrence Institute of Technology in 1932. He also did a great 
deal of consulting work while at the University of Detroit. 

He became a member of the A.S.M.E. in 1929 and also belonged 
to the Society of Automotive Engineers and The Franklin Institute, 
and was a member of the masonic order and Phi Kappa Upsilon frater- 
nity. He is survived by his widow, Mrs. Frieda Lawrence, and by 
two daughters. 


WILLIAM STATES LEE (1872-1934) 


William States Lee, inventor of the “Lee pin,’’ an insulator pin 
used to support large insulators in the transmission of power, and a 
noted figure in the industrial development of the Carolinas, died at 
at his home in Charlotte, N. C., on March 24, 1934, of a cerebral 
hemorrhage. The American Institute of Electrical Engineers, of 
which he was a past-president, published a tribute in the July, 1934, 
issue of Electrical Engineering, which read, in part: 

“Throughout his career, his ability as an engineer, his keen per- 
ception of the controlling factors in any situation encountered, and his 
constant attention to the human values involved made him an out- 
standingly effective and a highly respected leader of men. 

‘‘As president of the American Engineering Council, during the 
years 1932 and 1933, he worked intensively and enthusiastically to 
make the engineering profession as helpful as possible in all problems 
involving engineering and affecting the public welfare.”’ 

William States Lee was born at Lancaster, S. C., on January 28, 
1872, one of nine children of W. S. and Jenny Lind (Williamson) Lee. 
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He attended public school at Anderson, S. C., and was graduated as a 
civil engineer in 1894 from the South Carolina Military Academy at 
Charleston, now The Citadel. He had held a scholarship in return 
for which he was obligated to teach for two years in the public schools 
of the state. In February, 1896, he secured a position with the 
Greenwood-Anderson & Western Railway. He spent five months 
in the drafting room, three months as transitman on location, and 
then was resident engineer on construction until March, 1897. He 
next became resident engineer with the Anderson Water, Light & 
Power Co., on a hydroelectric development on the Seneca River, 
about ten miles from Anderson. His first assignment was to string a 
transmission line across the river, a task in which others had failed. 
He was successful and before the close of the year had completed the 
plant and put it into operation. Following this he served for several 
months as resident engineer on construction for the Pickens Railway. 

From March to November, 1898, Mr. Lee was connected with the 
United States Engineering Department as assistant engineer on coast 
defense. He helped with work on forts on Charleston Harbor and 
assisted in mining the harbor. He was next associated with the 
Columbus (Ga.) Power Company. From November, 1898, to Sep- 
tember, 1901, he was resident engineer for the company, and from 
then until March, 1903, was its chief engineer. He directed a 8000- 
hp hydroelectric development and also the construction of a 27,000- 
spindle fine-yarn mill. 

In 1903 Mr. Lee became chief engineer for the Catawba Power 
Company, Charlotte, a post which brought him into contact with 
James B. Duke, the tobaccc manufacturer. His first task, to dam a 
river at a plant near Rock Hill, S. C., after three previous attempts to 
do so had been unsuccessful, was finished in seven months. This 
was the beginning of the Carolinas superpower system, financially 
backed by Mr. Duke and designed and built under the direction of 
Mr. Lee. He served as vice-president and chief engineer of the 
Southern Power Company, which took over the Catawba Power 
Company, and hater became vice-president and chief engineer of the 
Duke Power Company, holding this position until his death. 

In addition to the huge Carolina system, Mr. Lee designed and 
built the Isle Maligne station of the Duke-Price Power Company 
on the Saguenay River, in Quebec, Canada, and was associated with 
other projects on the Saguenay, part of the Duke system in that 
section. 

So high was Mr. Duke’s regard for him that his will provided 
that Mr. Lee be a trustee of the great Duke foundation of some 
$80,000,000. 

Mr. Lee was president of the W. S. Lee Engineering Corp., of 
Charlotte, and was retained as consulting engineer on many hydro- 
electric projects throughout the East and South. He designed and 
built and for years had operated the Piedmont & Northern Railway, 
a high-speed, 1,500-volt, direct-current railroad, consisting of about 
160 miles of track located in North and South Carolina, an accepted 
model of electric-railway design, carrying both freight and passengers. 

During the World War his advice was sought in connection with 
plans for naval fortifications along the Atlantic seaboard. He was a 


director of the American Cyanamid Company, and vice-president 


and chief engineer of the Great Falls Power Company, Western 
Carolina Power Company, Wateree Power Company, Catawba 
Manufacturing & Electric Power Co., Duke-Price Power Company, 
and the Quebec Development Company, Ltd. 

Mr. Lee became a member of the A.S.M.E. in 1907. He also 
belonged to the Engineering Institute of Canada, the American 
Society of Civil Engineers, the American Electrochemical Society, 
the masonic fraternity, and various clubs. In 1929 he was given an 
honorary degree of Doctor of Science by Davidson College, and he 
was a trustee of North Carolina State College of Agriculture and 
Engineering. 

He married Miss Mary Martin, of Columbus, Ga., in 1901, and is 
survived by her and their three children, William States Lee, Jr., 
Mrs. W*‘liam H. Williamson, and Martin Lee. 


WILLIAM HENRY LEFFINGWELL (1876-1934) 


William Henry Leffingwell, president of W. H. Leffingwell, Inc., 
New York, N. Y., died at his home in Westfield, N. J., on Decem- 
ber 19, 1934, of pneumonia. 

Mr. Leffingwell was born on June 14, 1876, in Woodstock, Ontario, 
Canada, the son of American parents, Wendell Phillips and Mary 
Catherine (Edwards) Leffingwell. After attending high school in 
Grand Rapids, Mich., he spent ten years as stenographer, clerk, and 
office manager for different companies. From 1904 to 1910 he was 
general manager of several large mail-order publications in New 
York, no longer published: From then until the outbreak of the 
World War he was in Europe acting as professional office organizer for 
various firms. 


With this varied and practical background Mr. Leffingwell entered 
more seriously upon his career as a business efficiency expert. He was 
organization and management engineer at the Chicago Ferrotype 
Company in 1914-1915, and from then until 1918 was manager of 
the office-efficiency department of L. V. Estes, Inc., industrial engi- 
neers of Chicago. By 1918 he had founded the W. H. Leffingwell 
Company in Chicago. Two years later the name was changed to 
The Leffingwell-Ream Company, management engineers, and subse- 
quently the firm was incorporated in New Jersey under its present 
name. 

Mr. Leffingwell believed that for efficient management of an office 
a highly specialized knowledge was necessary. He applied scientific 
methods to his task by dividing office management into 93 parts, 
thus permitting a test rating to be given to each. Then suggestions 
for improvement were made on the resulting diagnosis. He con- 
sidered office management inefficient unless each of the 93 parts had 
the best known practice. 

Mr. Leffingwell was the author of a number of books and pam- 
phlets, as well as of articles for scientific societies to which he be- 
longed. His book on ‘Scientific Office Management,’’ published in 
1917, was one of the first on the application of engineering principles 
to the office. His ‘Office Management Principles and Practice,” 
published in 1925, is used as a textbook in many schools and colleges. 
He contributed articles on office management and office appliances to 
the Encyclopedia Britannica and in 1928 was associate editor of the 
magazine System. He read papers at the Third International Con- 
gress of Scientific Management in Rome, 1927, the fourth congress 
in Paris, 1929, when he was official delegate from the United States, 
and the fifth congress in Amsterdam, in 1932. He had prepared a 
paper for the sixth congress to be held in London in 1935. 

As aids in carrying out his principles Mr. Leffingwell invented a 
typewriter measuring scale, a desk and a posture chair for clerks, 
and a lighting-demonstration device. He enjoyed amateur photog- 
raphy, sculpture, handicraft, and gardening. 

Mr. Leffingwell became an associate of the A.S.M.E. in 1921. He 
was a past-president of the National Office Management Association 
and was president of the Taylor Society at the time of his death. 
He was a member of the Society of Industrial Engineers and chairman 
of its New York Chapter, and belonged to the American Management 
Association, the Association of Consulting Management Engineers, 
the Engineers’ and City Clubs, New York, the Union League Club, 
Chicago, and the Sons of the American Revolution. 

Mr. Leffingwell married Miss Anna Short, of Chicago, in 1900, and 
is survived by her and by two daughters, Evelyn E. (Mrs. Joseph W.) 
Lewis and Dorothy A. (Mrs. Harold F.) Scribner, both of West- 
field. His father, two sisters, and a brother, also survive him. 


SYLVESTER MAURICE LEONARD (1896-1934) 


Sylvester Maurice Leonard, born in Northampton, Mass., on 
August 16, 1896, died in the Bridgeport (Conn.) Hospital on Decem- 
ber 31, 1934. Mr. Leonard, whose parents were James Sylvester 
and Felicie (Gillet) Leonard, supplemented his grammar school 
education with study through correspondence schools and by 
evening work at the New Haven College. He served an apprentice- 
ship in drafting at the Baird Machine Company, Stratford, Conn., 
and worked as a special machine designer there between 1916 and 
1921. Although not continuously employed during the next two and 
a half years he gained experience in shoe and paper machinery and 
miscellaneous tool work. During the summer of 1923 he was drafts- 
man at the Continental Paper & Bag Mills, and the following winter 
worked on wire-drawing and wire machinery for the Waterbury Ma- 
chine Company. From then until his death he was employed by the 
Crawford Oven Company, New Haven. He was senior draftsman 
for about three years and had been chief draftsman since then. 

Mr. Leonard became an associate-member of the A.S.M.E. in 
1930 and belonged to the masonic fraternity and Odd Fellows. He 
married Beatrice Hudson in 1925, and is survived by her and their 
son, Raymond Frederick Leonard. 


EDWIN 8S. LORSCH (1869-1934) 


Edwin 8. Lorsch, whose death occurred on October 4, 1934, was 
born in New York, N. Y., on November 19, 1869, a son of Sigmund 
and Jenny (Simon) Lorsch. He was graduated from the Stevens 
Institute of Technology in 1891 as a mechanical engineer and during 
the next two years worked in the drafting, testing, and erecting de- 
partments of the Geo. F. Blake Manufacturing Co., manufacturers of 
pumping machinery, East Cambridge, Mass. He then returned to 
New York, where he was employed by the Electrical & Mechanical 
Engineering Co. and in the New York office of the Fort Wayne Elec- 
tric Company until he became a member of the firm of Sussfeld, 
Lorsch & Co., in 1896. 
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Mr. Lorsch was responsible for the organization of the export 
department of the company in 1899 and for many years was in 
charge of this department. The firm was reorganized to Sussfeld, 
Lorsch, and Schimmel on January 1, 1920, and he remained a member 
of the firm until it was dissolved in 1929. 

Mr. Lorsch became a member of the A.S.M.E. in 1903 and be- 
longed to the North Shore Country Club and Harmonie Club of 
New York. He had made several trips around the world, recorded 
in a collection of photographs which he took. He was unmarried 
and is survived by his brother, Henry Lorsch, of New York. 


JAMES LYMAN (1862-1934) 


James Lyman, consulting engineer, retired, for the firm of Sar- 
gent & Lundy, Chicago, IIl., died on March 28, 1934, at Del Monte, 
Calif., where he had been spending the winter months with his son, 
Oliver B. Lyman. 

Mr. Lyman was born at Middlefield, Conn., on September 1, 1862, 
the son of David and Catherine (Hart) Lyman. He was graduated 
from the Sheffield Scientific School of Yale University in 1883 with 
the degree of Ph.B. and during the summer and fall of that year was 
foreman of the machine shops of the Metropolitan Manufacturing 
Company, at Middlefield. 

In December, 1883, Mr. Lyman became construction electrician 
for the Edison Construction Company, with which he remained 
about six months, assisting in the installation of a number of lighting 
plants in Pennsylvania and Ohio. During the next two years he was 
assistant superintendent of the Marr Construction Company, which 
was organized to take over the construction work for the Edison 
company. He had entire charge of the installation of plants at a 
number of places in Pennsylvania, including Johnstown, Wayne, and 
DuBois, and also gave exhibitions of incandescent lighting. 

Resigning from the Marr company in 1886, Mr. Lyman returned 
to Middlefield as superintendent of the shops and foundry of the 
Metropolitan Manufacturing Company, in which his family held an 
interest. During the seven years he spent there the company be- 
came part of the American Wringer Company. 

In 1893 Mr. Lyman took up post-graduate engineering work at 
Sibley College, Cornell University, and received an M.E. degree in 
1894 and M.M.E. degreein 1895. He then entered the employ of the 
General Electric Company at Schenectady and as assistant to Dr. 
Charles P. Steinmetz conducted special experimental testing and 
designed electric apparatus. Later he was transferred to the power 
and mining department and in 1899 was appointed assistant engineer 
of the Chicago branch of the company. Three years laier he became 
district engineer and continued in that capacity until 1911. 

From 1911 until his death Mr. Lyman was associated with the 
firm of Sargent and Lundy, Ine., as electrical engineer, member 
of the firm, vice-president (1926-1930), and as consultant retired 
since 1930. 

Mr. Lyman became a member of the A.S.M.E. in 1899, was a 
Fellow of the American Institute of Electrical Engineers, and belonged 
also to the American Electrochemical Society, Western Society of 
Engineers, and the Institution of Electrical Engineers. He was a 
member of .the University and Union League Clubs, Chicago, and 
several clubs in Evanston, where he made his home for more than 
thirty years. 

Mr. Lyman married Miss Anna J. Bridgman, of Boston, Mass., in 
1891. 


WALTER ARNOLD LYNCH (1902-1934) 


Walter Arnold Lynch, who died of typhoid fever and meningitis 
at Carrizo Springs, Texas, on September 23, 1934, was born in 
Philadelphia, Pa., on August 16, 1902, the son of Edmund Wright 
and Alice (Clayton) Lynch. He attended high school in Darby, Pa., 
and received a B.S. degree in mechanical engineering at Drexel Insti- 
tute, Philadelphia, in 1926. 

Between the time of his graduation and 1929, Mr. Lynch engaged 
in farming in Carrizo Springs and was employed at different periods 
by the Atlantic Refining Company, Philadelphia, in the conversion 
of a ship from steam to Diesel-electric drive; by the Mayhue Lumber 
Company in the installation of deep-well pumps; and by the Central 
Power & Light Co. in the installation of refrigeration machinery. 

In 1929 he secured employment as a junior hydraulic engineer 
with the Texas State Board of Water Engineers in an underground 
water survey, and in 1933 began similar work with the United States 
Geological Survey, with which he was connected at the time of his 
death. 

Mr. Lynch had devised a portable device for testing for salt water 
in deep wells and for determining the position of the salt-water leaks. 
He also designed and constructed a wind-driven generator for charg- 
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ing a storage battery on his farm, and had constructed many models 
for airplanes. Radio was perhaps his principal hobby; he had con- 
structed many sets and was a licensed amateur sender. 

He served as chairman of the A.S.M.E. Student Branch at Drexel 
Institute in 1926 and became a junior member of the Society upon 
his graduation. He was also president of the Phoenix Club at the 
Institute in 1926, and served as a sergeant in the Headquarters 
Battery of the 108th Field Artillery of the Pennsylvania National 
Guard from 1921 to 1925. He was unmarried. 


NELSON THEODORE MANN (1899-1934) 


Nelson Theodore Mann, who had been employed as a research 
analyst since 1927 by Scudder, Stevens & Clark, New York, N. Y., 
died on February 17, 1934, of pneumonia. He is survived by his 
widow, Beatrice Smith Mann, whom he married in 1928, and by a 
son, Timothy Charles Nelson Mann. 

Mr. Mann was born at Hawley, Mass., on November 10, 1899, 
attended the Medford (Mass.) High School, and secured an S.B. 
degree in Mechanical Engineering at the Massachusetts Institute of 
Technology in 1923. He spent one vacation as rodman for the Scully 
Construction Company, Boston, and several with the New York 
Central Railroad, working as pipefitter’s helper and in other capaci- 
ties in the Electrical Department. He served nine months in the 
United States Marine Corps during 1918. 

After his graduation Mr. Mann served a special apprenticeship 
with the Westinghouse Air Brake Company, Wilmerding, Pa., and 
worked for that company as assistant to the mechanical engineer and 
as commercial engineer for a time prior to his connection with Scud- 
der, Stevens & Clark. His work for the latter company had been 
mainly on machinery, tin containers, railroad equipment, and non- 
ferrous metal mining, analyzing their investment possibilities. 

Mr. Mann became a junior member of the A.S.M.E. in 1924, and 
belonged to the New Rochelle Tennis Club and the Huguenot Yacht 
Club. 


NORMAN ISAAC MARSHALL (1865-1933) 


Norman Isaac Marshall, who died in New York, N. Y., on March 
28, 1933, was born at Hampstead, N. H., on December 6, 1865, the 
son of Isaac Hull and Julia (Bement) Marshall. He prepared for 
college at the Bromfield Academy, Harvard, Mass., and was gradu- 
ated from Worcester Polytechnic Institute in 1886 with a B.S. de- 
gree in mechanical engineering. 

For several years following his graduation Mr. Marshall was em- 
ployed by the Marr Construction Company, assisting in the erection 
of central-station light and power plants in Pennsylvania, Ohio, and 
Wisconsin. He next had charge of similar work for the Westinghouse 
Electric & Manufacturing Co. in Texas, later becoming eastern 
manager for the company, with headquarters in Boston. From 1901 
to 1903 he was designer of machinery and fittings and superintendent 
of shops for the Star Electric Company, Philadelphia, Pa., and dur- 
ing the next two years manager of the Iona Manufacturing Company 
and Anchor Electric Company, Boston. 

In 1905 Mr. Marshall went into business for himself as owner and 
manager of the Marshall Electric Company, Boston. Subsequently 
he sold this business and formed the Elastoid Fibre Company, in 
West Newton, Mass., later located in Waltham, Mass. He was 
president and treasurer of the company until its sale in 1927, since 
when he had not been active in business except for consulting 
work. 

Mr. Marshall held many patents in the electrical and mechanical 
fields. He was one of the first to manufacture sockets, switches, 
fuses, etc., and patented the first automatic machinery for the manu- 
facture of incandescent bulbs. From 1916 to 1918 he was connected 
with the science and research department of the United States War 
Department, and jointly with Dr. Louis Bell invented and perfected 
the ultra-violet signalling apparatus for use in the Signal Corps during 
the World War. 

Mr. Marshall served as a lieutenant in the naval militia during the 
Spanish-American War. 

Since 1927 Mr. Marshall had spent a great deal of his time in travel. 
He was an excellent shot with the rifle and had hunted big game in 
Alaska, China, and India. He wrote several articles on hunting for 
publication, and had also written some short stories. He greatly 
enjoyed walking and mountain climbing and was an able botanist. 

Mr. Marshall became a member of the A.S.M.E. in 1910 and also 
belonged to the American Institute of Electrical Engineers, Boston 
University Club, Lake Placid Club, and Appalachian Mountain Club. 

He married Miss Hortense Carver in 1898 and is survived by her 
and by three children, Thomas C. Marshall, of Fairfield, Conn., 
Mrs. M. H. Hull, Still River, Mass., and Mrs. C. V. Russell, Boston. 
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WILLIAM CROSBY MARSHALL (1870-1934) 


William Crosby Marshall, consulting mechanical and civil engi- 
neer, and former professor of machine design at the Sheffield Scientific 
School, Yale University, died at the Gaylord Farm Sanitorium, Wall- 
ingiord, Conn., on February 1, 1934. Mr. Marshall, a descendant 
of Robert Treat, an early governor of Connecticut and founder of 
Newark, N. J., retired in 1929 and since that time had made his home 
at Milford, Conn. He was born at Avon, Conn., on September 21, 
1870, the son of Henry G. and Marietta (Crosby) Marshall. 

After being graduated from Yale University in 1890, with a Ph.B. 
degree, Mr. Marshall worked for three years as a draftsman and struc- 
tural engineer for the Berlin Iron Bridge Company, Berlin, Conn. 
He then returned to Yale to study for a mechanical engineering de- 
gree, which was conferred upon him by Sheffield Scientific School in 
1894. He remained at the school, first as instructor and later as 
professor in machine design, until 1913. He was given a civil engi- 
neering degree there in 1900. He studied at the Ecole des Beaux 
Arts and Ecole du Genie Maritime, in Paris, in 1907-1908. 

For a year after he left Yale in 1913 Mr. Marshall was chief engi- 
neer for the Federal Sugar Refining Company, New York, N. Y. 
He then became research engineer at the Union Metallic Cartridge 
Company, Bridgeport Works of the Remington Arms Company. 
During the early part of 1917 he was connected with the Holt Manu- 
facturing Company, Peoria, IIl., as mechanical engineer, then served 
during the World War as captain in the Ordnance Department, 
U. S. A., in charge of twenty-five plants. He also served as trade 
commissioner to Italy for the U.S. Bureau of Foreign and Domestic 
Commerce in 1919. 

Returning to civil life, Mr. Marshall was engaged as mechanical 
engineer for the National Spun Silk Company, New York, and 
carried on consulting work in that city on machine designing, testing, 
graphical charting, and materials handling and traveled in England 
inspecting various plants for new and comparative material. In 
1921-1922 he was chief enginer for the U. S. Hoffman Machinery 
Corp., New York; 1922-1923, mechanical engineer for The Trexler 
Co. of America, Wilmington, Del.; 1923-1924, maintenance and plant 
engineer, Richard Hellman, Inc., Long Island City, N. Y.; 1924— 
1925, director, Yale Graduate Placement Bureau, Yale Club, New 
York; 1925-1926, instructor in machine drawing, Pratt Institute, 
Brooklyn, N. Y. From then until his retirement he was an asso- 
ciate editor of The Engineering Index. 

While living in Milford, Mr. Marshall served as town-planning and 
building inspector there. He was the author of a textbook on ‘‘De- 
scriptive Geometry,” published in 1910, ‘‘Machine Drawing and De- 
sign,’ 1912, and “Graphical Methods,” 1921, as well as of many 
magazine articles. 

Mr. Marshall became a junior member of the A.S.M.E. in 1901 and 
a member in 1909. He also belonged to the Sigma Xi fraternity, 
Yale Engineering Association, and Yale Club, New York. He is 
survived by his widow, Mrs. Genevieve Holbrook Marshall, and by a 
son, John. 


ROYAL MATTICE (1878-1934) 


Royal Mattice, president of the Mattice Engineering Company, 
Philadelphia, Pa., died at his home in that city on February 18, 1934, 
and was buried with military honors in the Arlington National 
Cemetery. He was born at Birmingham, Ala., on July 27, 1878. 
At the age of 13 he began work as a water boy at the Carnegie Steel 
Company. He served an apprenticeship as a patternmaker and for 
six years took evening courses, specializing in metallurgy. In 1897 
he was employed as assistant manager and metallurgical engineer for 
the Kokomo (Ind.) Nail & Brad Co., and after serving in the Spanish- 
American War in 1898, returned to that company in the position of 
general manager in charge of sales and production. 

From 1900 to 1920, with the exception of periods of service on the 
Mexican Border and in the World War, Colonel Mattice was metal- 
lurgical engineer for the American Steel & Wire Co. He was divi- 
sion sales manager for the company at Chicago, IIl., Oklahoma City, 
Okla., Wichita, Kan., and Cincinnati, Ohio. Although his con- 
nection with this company, as well as with the Kokomo Nail & Brad 
Co., was officially in the sales department, he had practically nothing 
to do with selling except in a technical way. He was chiefly con- 
cerned with improvements in the firm’s products and production 
methods. 

After the World War, Coionel Mattice established the Mattice 
Engineering Company, devoted almost entirely to electric welding of 
cast iron. 

Colonel Mattice became a member of the A.S.M.E. in 1924, and 
also belonged to The Franklin Institute, the Military Order of For- 
eign Wars, the Engineers Club in Philadelphia, and the masonic 
order. He was president of the Welding Contractors’ Association of 
Greater Philadelphia and Camden. 


He is survived by a son, Royal Mattice, Jr., and a daughter, Nancy 
Ellen. 


DABNEY HERNDON MAURY (1863-1933) 


Dabney Herndon Maury, retired consulting engineer, chiefly in the 
water-supply field, died at his home in Chevy Chase, Md., on May 
11, 1933. Mr. Maury was born in Vicksburg, Miss., on March 9, 
1863, the son of Dabney Herndon and Nannie Rose (Mason) Maury. 
His early education was secured in private schools in New Orleans, 
La., and Richmond, Va. He then attended the Virginia Military 
institute, at Lexington, Va., from which he was graduated in 1882. 
Two years later he secured his M.E. degree from Stevens Institute of 
Technology, Hoboken, N. J. 

Mr. Maury worked during his summer vacations while attending 
college. In 1881 he was rodman on surveys for a railroad bridge 
across the Ohio River at Point Pleasant, W. Va. The following 
summer he was chief of a party making preliminary surveys for the 
Brighthope Railway, near Richmond, Va., and draftsman at Colt's 
Armory, Hartford, Conn. During the summer of 1883 he was drafts- 
man for locomotive works in Richmond and in 1884 assistant to 
Prof. Robert H. Thurston in the mechanical laboratory at Stevens 
Institute. 

In October, 1884, Mr. Maury went to Texas as engineer for the 
Grand Belt Copper Company, of New York, a connection he retained 
until the summer of the following year. He then became principal 
assistant engineer on location and construction for the Ft. Worth 
and New Orleans Railway. From March to November, 1886, he was 
engaged in making land surveys for the Southern Pacific Railway 
Company in western Texas. 

From Texas Mr. Maury went to Colombia, 8.A., where his father, 
General Dabney H. Maury, was stationed as Envoy Extraordinary 
and Minister Plenipotentiary of the United States to Colombia. He 
served as private secretary to his father until March, 1887, when he 
became general engineer for Green & Garcia, mine agents in Colom- 
bia. He remained in their employ until May, 1890, serving part of 
the tinie as general manager of the Tolima, Organoz, Socorro, and 
other gold and silver mines, erecting machinery and building dams 
and ditches for the Silencio, Tetuan, and Colon mines, and making 
surveys. plans, and estimates for other mines in Colombia. 

During the remainder of that year Mr. Maury traveled in Great 
Britain and the United States. He returned to Colombia as general 
manager for the Saldana Syndicate, Ltd., of Liverpool, England, and 
until the winter of 1892 had charge of all of its interests there, de- 
signing and constructing dams and ditches and directing the opera- 
tion of mines. He was also general manager for the Anape Syndicate, 
Ltd. 

After his return to the United States in 1892 Mr. Maury took post- 
graduate work at Stevens Institute through the winter. He then 
became engineer and superintendent for the Peoria (Ill.) Water Com- 
pany and later continued in the same capacities with the reorganized 
Peoria Water Works Company, remaining with the company until 
August, 1912. He designed and constructed a number of new pump- 
ing plants, developed improvements in operation, and designed sewer 
systems for suburban districts. 

During the latter part of this period he had also conducted a pri- 
vate practice as a consulting engineer, and in August, 1912, he opened 
his own office in Chicago. He was located there until the United 
States entered the World War in 1917, and again from July, 1919, 
until his retirement in 1927, during the last four years as senior 
partner in the firm of Maury and Gordon. His advice on water 
supplies was sought by municipalities in many parts of the country. 

In May, 1917, Mr. Maury put aside his private practice to serve 
as advisory engineer on water supply for the Construction Division 
of the United States Army. He was in charge of the design of water 
systems for all projects of the Division in the United States and pos- 
sessions. He was also borrowed by the Marine Corps for its water 
supplies at Paris Island and Quantico, and by the Navy for supplies 
at Pearl Harbor and other points in Hawaii. He was specially as- 
signed by the War Industries Board to develop water supplies for 
the ariny, navy, shipping board, and housing corporation in the 
Hampton Roads district. He was given the rank of commanding 
major in the Engineers Reserve Corps in 1917 and of lieutenant- 
colonel in the Quartermaster Corps in 1918. He was honorably dis- 
charged in May, 1919. 

In 1920 Mr. Maury won the James Laurie Prize of the American 
Society of Civil Engineers for a paper on ‘‘Water Supplies for the 
Cantonments, Camps, and Other Activities Built by the Construc- 
tion Division of the Army.’’ He contributed other papers to the 
technical press and to the societies to which he belonged. He held 
several patents on pumping machinery and wells. 

Mr. Maury became a member of the A.S.M.E. in 1890. He was 
past-president of the American Water Works Association, Illinois 
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Society of Engineers, and Illinois Water Supply Association. He was 
also a member of the American Society of Civil Engineers, American 
Institute of Consulting Engineers, Western Society of Engineers, and 
New England Water Works Association, as well as of Kappa Alpha 
(Southern) and Tau Beta Pi, honorary engineering fraternity, and a 
number of clubs. 

Mr. Maury married Mary McCaw, of Richmond, in 1893, and is 
survived by her and their son, Dabney Herndon Maury, Jr. 


RICHARD JUSTIN McCARTY (1851-1934) 


Richard Justin McCarty was born on March 12, 1851, at Clarks- 
burg, W. Va., the son of Joseph and Ann (McCally) McCarty. He 
attended Soulé University, Chapel Hill, Texas, from 1862 to 1869 and 
then studied for two years at the University of Virginia, being grad- 
uated in pure mathematics in 1871. Subsequently he took courses 
in applied mathematics and civil engineering there, completing his 
work in 1875. 

Following a short period as foreman for the erection of a rolling 
mill at Rosedale, Kan., he was employed by the Kansas Rolling Mill 
Company in various capacities until 1879. He then worked in the 
engineering, accounting, ana operating departments of steam rail- 
roads until 1888, when he became chief engineer of the Metropolitan 
Street Railway Company at Kansas City, Mo. He held this posi- 
tion until 1895, having charge of designing and constructing exten- 
sions to the cable lines and power plants and the maintenance and 
operation of all of the company’s property. After he left the regular 
service of the company in 1895 he was recalled to make changes in 
another of its lines and was also employed in 1895 and 1896 by the 
Kansas City Stock Yards Company to design a pumping and light- 
ing plant and to handle construction work. 

In 1897 Mr. McCarty became auditor for the Kansas City, Pitts- 
burg & Gulf R.R., which later became the Kansas City Southern 
Railway. In 1903 he resigned to devote two years to scientific study, 
then returned to his former position. Later he was made vice-presi- 
dent of the company and chairman of its valuation committee. He 
retired permanently in 1918 and spent his remaining years in scien- 
tific and philosophical study and writings. His work on “Valuation 
of Railroad Property’’ was published in 1915; ‘Elements of Plane 
Trigonometry, 1920; Wisdom and Purpose, 1922; Work and Play: 
An Autobiography, 1925; ‘Essays in Poetry,” written jointly with 
his wife, 1930; and Vital Evolution, 1933. 

He died in Kansas City of heart disease on June 16, 1934. He is 
survived by his widow, the former Miss Mary Louise Allen, whom he 
married in 1877, and by three sons, Allen, Richard J., and Charles E. 
McCarty. 

Mr. McCarty became a member of the A.S.M.E. in 1901 and also 
belonged to the American Society of Civil Engineers, Sons of the 
American Revolution, Royal Societies Club, London, and the Zeta 
Psi fraternity. 


JOHN McGEORGE (1852-1933) 


John McGeorge, honorary member of the Cleveland Engineering 
Society, was instantly killed on the evening of February 27, 1933, 
when struck by an automobile while walking near his home in Cleve- 
land. Mr. McGeorge had been a member of the A.S.M.E. since 
1891. 

He was born in Manchester, England, on May 2, 1852, Leaving 
school when about fourteen years of age, he served a seven-year 
apprenticeship with Emmerson Murgatroyd & Co., Stockport, En- 
gland, working in both the shops and drawing office. He also studied 
evenings at the Mechanic’s Institution of Stockport and later, while 
= in Manchester, took evening courses at the Owens College 
there. 

After completing his apprenticeship, Mr. McGeorge worked suc- 
cessively as draftsman with Galloway & Sons, engineer with the 
Boiler Insurance Company, and draftsman and manager of Deakin 
Parker & Co., all of Manchester. He was connected with the Dea- 
kin company for about seven years and during this period invented a 
drum or shaft governor. Later he engaged in drafting for companies 
in Nottingham, Grantham, and Guilford, England. 

In 1884 Mr. McGeorge came to the United States. During his 
early years here he constructed special machinery for the Bellaire 
Stamping Company, Bellaire, Ohio, including machinery of his own 
design for making the Mason fruit jar cap. Subsequently he was 
employed by the Pittsburgh Iron & Steel Engineering Co., Pitts- 
burgh, Pa., as chief draftsman. 

In 1892 he became associated with Samuel T. Wellman, of the 
Wellman-Seaver Engineering Company (now the Wellman Engineer- 
ing Company), and served as chief engineer of the company frum 
1896 to 1903. With Mr. Wellman he developed the rolling open- 


hearth furnace, the open-hearth charging machine, and other equip- 
ment which meant much to the development of the steel industry. 
Since 1903 his work had been largely in the consulting field. He 
also invented an electric factory truck in wide use as a labor-saving 
device in the handling of materials. 

Mr. McGeorge was elected to membership in the Cleveland En- 
gineering Society in 1896 and honorary membership was conferred 
upon him in 1931. He was also a life member of the Society of Auto- 
motive Engineers. 


DANIEL GEORGE McMILLAN (1871-1934) 


Daniel George McMillan, engineer for the Jersey Central Power 
& Light Co., South Amboy and Sayreville, N. J., died in Elizabeth, 
N. J., on May 30, 1934. He is survived by his widow, Eleanor T. 
(Christie) McMillan, whom he married in 1907, and by a daughter, 
Mildred Eleanor. 

Mr. MeMillan was born at St. Louis de Gonzague, Quebec, Canada, 
on May 14, 1871, the son of Neil and Flora (Menish) McMillan. He 
secured his early education in Montreal schools, served an apprentice- 
ship at the Royal Electric Company there, and spent three years in 
the mechanical and electrical laboratories of McGill University. 
For five years he served as chief engineer of the Canadian Singer 
Factory at St. Johns, Quebec, then came to the United States as 
assistant chief engineer of the Singer Manufacturing Company at 
Elizabethport, N. J. He remained with this company for nearly ten 
years, being its chief engineer the latter part of the time. Subse- 
quently he was superintendent of power for the Willys Corporation, 
Elizabeth, and maintenance engineer of the Elizabeth General Hospi- 
tal, prior to his connection with the Jersey Central Power & Light Co. 

Mr. McMillan became an associate-member of the A.S.M.E. in 
1917. He was very active in the masonic fraternity, in which he had 
held a number of important posts, and was a member of Everymans 
Bible Class at the Third Presbyterian Church in Elizabeth. 


HIRAM LEES MELLOR (1865-1933) 


Hiram Lees Mellor, owner of the Lawrence Pump & Engine Co., 
Lawrence, Mass., a member of the A.S.M.E. since 1908, died on Jan- 
uary 5, 1933. He was born at Sandwich, N. H., on December 2, 
1865, but moved with his parents to Lawrence at an early age and 
was educated in the public schools there. He served an apprentice- 
ship as a machinist and draftsman with S. S. & W. O. Webber, 
Lawrence, manufacturers of textile machinery, printing presses, shop 
tools and jigs, and attended night school, thus fitting himself for a 
position as draftsman with the Lawrence Machine Company. He 
spent four years in that work, then became superintendent of the 
company, which manufactured centrifugal pumping machinery, 
steam engines, and related equipment. About 1904, he started in 
business for himself, founding the Lawrence Pump & Engine Co., 
which he continued to manage until his death. 

He had served as treasurer and deacon of the United Congrega- 
tional Church in Lawrence. He was married, and is survived by his 
widow and a daughter, Mrs. J. L. Dean, whose husband now manages 
the business. 


EDGAR HAMILTON MERRICK (1886-1934) 


Edgar Hamilton Merrick, whose death occurred in Cleveland, 
Ohio, on January 21, 1934, was born at Gananoque, Ontario, Canada, 
on May 4, 1886, son of Dr. Edgar H. and Sara E. (Carpenter) Mer- 
rick. He was graduated from Sibley College. Cornell University, in 
1908, with an M.E. degree, and during the next six years was ma- 
chinery salesman for Hill, Clarke & Co., Chicago, Ill. He then became 
secretary and sales manager for the Perkins Windmill & Engine Co., 
Mishawaka, Ind., where he remained for three years. 

From 1917 to 1927 Mr. Merrick was connected with Manning, 
Maxwell & Moore, Inc., New York, N. Y., as district manager of 
their Cincinnati office for seven years and of the Cleveland office for 
three years. He engaged in machinery business for himself during 
the next year, then became sales engineer for Dravo-Doyle Company, 
of Pittsburgh, Pa., handling the products of the Shepard-Niles Crane 
& Hoist Corp. Since 1931 he had been in business for himself as 
sales engineer, in Cleveland. 

Mr. Merrick became an associate of the A.S.M.E. in 1932, and was 
a 32d degree Mason. He is survived by his widow, Florence C. 
(Earle) Merrick, whom he married in 1917, and by two children, 
Frances Chapin and Richard Henry Merrick. 


VLADIMIR VICTOR MESSER (1877-1932) 


Vladimir Victor Messer, who died in 1932, on or about May 2, was 
born in St. Petersburg, Russia, on December 2, 1877. He attended 
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the naval academy of the Imperial Russian Navy and was commis- 
sioned a lieutenant in 1896. His first work in the United States was 
as chief draftsman for the Los Angeles Gas & Electric Co., in 1906. 
The following year he became consulting engineer for the Sweetland 
Filter Press Company and Brubaker Bros., in San Dimas, Calif., and 
subsequently served the Commercial Gas Engine Company, of Los 
Angeles, in connection with irrigation equipment. In 1912 he en- 
gaged in the design of the steel structure for the Canadian Pacific 
Railway terminal at Vancouver, as an employee of Coughlan & Sons, 
of that city. He then returned to Los Angeles, where he became 
structural engineer for Fitzhugh & Fitzhugh, architects. He subse- 
quently held a similar position with Lescher & Kibbey, architects, in 
Phoenix, Ariz. 

About the year 1915 Mr. Messer went to New York, where he was 
associated with Percival R. Moses and Frederick Pope as consulting 
engineer. During the World War, in 1918-1919, he was chief engi- 
neer for the Newport Chemical Works and Newport Hydro-Carbon 
Company, Milwaukee, Wis., and from then until 1924 again asso- 
ciated with Moses and Pope. At that time he formed the V. V. Mes- 
ser Manufacturing Co., located first in Long Island City, and later in 
New York. 

Much of his time during the latter part of his life was spent in work 
on inventions and on special missions to other countries, including the 
building of a steel plant and railroad in Russia, and zine plant in 
South America, and in connection with the cork industry in Europe. 
Other special connections were with the Goodyear Tire & Rubber 
Co., in Akron, Ohio, the National Analine Company, for which he 
built an indigo plant in Buffalo, N. Y., and the Miller Rubber Com- 
pany, Inc., New York. 

Mr. Messer became a member of the A.S.M.E. in 1916 and be- 
longed to the Chemists’ Club, New York. He is survived by his 
widow, Edithe Maxham Messer, whom he married in 1917. Their 
only son, Paul, died in October, 1933. 


HAROLD R. MILLER (1906-1934) 


Harold R. Miller was born at Norwalk, Ohio, on July 3, 1906. He 
secured his early education there and was graduated from the Ohio 
State University in 1928 with a B.S. degree in mechanical engineering. 
He immediately entered the employ of the Philip Carey Manufactur- 
ing Company, at Lockland, Ohio, and at the time of his death on 
March 31, 1934, was assistant superintendent of power. 

Mr. Miller became a junior member of the A.S.M.E. in 1933 and 
belonged to the Theta Xi and Tau Beta Pi fraternities. He is sur- 
vived by his widow, Mary (Ross) Miller, whom he married in 1926, 
and by a daughter, Marjorie Anne Miller. 


JAMES MILNE (1865-1934) 


James Milne, chief electrical and mechanical engineer in the De- 
partment of Works of the City of Toronto, Ontario, Canada, in 
charge of water supply, for about twenty years, died in that city on 
May 21, 1934. 

Mr. Milne was born on January 29, 1865, at Woodside, Aberdeen, 
Scotland, the son of William and Jessie (Hird) Milne. He secured 
his technical training at Robert Gordon’s College, Aberdeen, and as 
an apprentice with C. Davidson & Sons and Abernethy & Co., Aber- 
deen. He then went to Montreal, Canada, where he worked for a 
time in a machine shop and later secured employment with the Edi- 
son General Electric Company. He spent three years there and dur- 
ing the next six years was superintendent of the Incandescent Electric 
Light Company at Toronto. For two years he taught machine con- 
struction and drawing, applied mechanics, and steam engineering at 
the Toronto Technical School, then spent eight years as general mana- 
ger and chief engineer of the Underfeed Stoker Company, Toronto, 
at the same time carrying on a consulting engineering practice. 
Early in February, 1906, he became general superintendent of the 
British Columbia Electric Railway Company, Vancouver, operating 
street railways, light, and power in Vancouver, Victoria, and New 
Westminister, B.C. From 1910 to 1913 he was assistant manager of 
the Windsor Salt Works, Windsor, Ontario, and engaged in consulting 
work. He began his long connection with the City of Toronto in 
1913. 

Mr. Milne became a member of the A.S.M.E. in 1907. He also 
belonged to the American Institute of Electrical Engineers, Engineer- 
ing Institute of Canada, and the Association of Professional Engineers 
of Ontario, and was a member of the Engineers and Parkdale Canoe 
Clubs in Toronto and of the masonic fraternity. He was a contribu- 
tor to technical publications and a member of the Toronto Symphony 
Orchestra, in which he played the contra-bassoon. 

Mr. Milne had been twice married. His first wife died in 1899 and 
his second in 1929. He is survived by a son, James C. R. Milne, and 
by a married daughter. 
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GUY KOCHLING MITCHELL (1878-1934) 


Guy Kochling Mitchell, formerly president and proprietor of the 
Standard Electric Machinery Company and partner in the Standard 
Appraisal Company, both of Baltimore, Md., died of pneumonia at 
his home in that city on January 15, 1934. 

Mr. Mitchell was born in Baltimore on July 5, 1878. He attended 
the Baltimore Polytechnic Institute and in 1899 began work for the 
United Electric Light & Power Co. as draftsman for the department 
handling equipment and operation. He spent six years in that posi- 
tion, then in 1902, after a few months at Embreeville, Tenn., installing 
an electric plant and transmission line for the Embree Iron Company, 
he returned to Baltimore to do estimating and layout work in the 
distribution department of the United Electric Light & Power Co. 

In 1906 Mr. Mitchell became manager of the electrical department 
of Crook Horner Company, Baltimore. When this company dis- 
solved the following year he purchased the electrical and elevator 
departments and established the Standard Electric & Elevator Co. 
operating it as a manufacturing and contracting concern. The name 
of the company was changed to the Standard Electric Machinery 
Company in 1921. 

During the early days of the company it specialized in replacing 
steam drives by electric-motor drives, and under the direction of Mr. 
Mitchell installations varying from 50 hp to 1000 hp were made in 
plants in Baltimore and vicinity. At the same time he carried on the 
development of electric elevators, especially the single-phase, and a 
new line of dumbwaiters, hoists, and cranes. During the World War 
he devised an automatic system for reconnecting and rerating motors 
and generators of all makes and types. 

Mr. Mitchell became an associate of the A.S.M.E. in 1913 and a 
member six years later. He was also a member of the American In- 
stitute of Electrical Engineers. He is survived by his widow, Kath- 
erine V. Mitchell. 


ROBERT LEVIS MITCHELL, JR. (1911-1934) 


Robert Levis Mitchell, Jr., son of Doctor and Mrs. Robert L. 
Mitchell, of Baltimore, Md., died at Perth Amboy, N. J., on Decem- 
ber 28, 1934. He had been a member of the engineering staff of the 
National Lead Company at Perth Amboy since early in July. 

Mr. Mitchell was born in Baltimore on September 21, 1911. He 
attended the Friends School there and secured his degree in mechani- 
cal engineering from Johns Hopkins University with the class of 1934. 
He was a student member of the A.S.M.E. at the university and be- 
came a junior member of the Society upon graduation. He was also 
a member of the university amateur theatrical group, the Barnstor- 
mers, and of Alpha Tau Omega fraternity. 

Surviving Mr. Mitchell, in addition to his parents, are a sister, 
Miss Nancy Mitchell, and a brother, William. 


LESTER A. MORELAND (1874-1934) 


Lester A. Moreland, former production engineer for the Worthing- 
ton Pump & Machinery Corp., Harrison, N. J., died on March 21, 
1934, after an illness of more than a year. Mr. Moreland was born 
at Skaneateles, N. Y., on December 11, 1874, the son of Lewis P. and 
Harriet (Daniels) Moreland. After leaving public school he began 
to learn the machinist’s trade with the Straight Line Engine Com- 
pany, of Syracuse, N. Y., but soon decided that he would prefer 
toolmaking. He therefore transferred to the E. E. Stearns Co., 
Syracuse, and there and in other shops learned the trade. 

In 1898 he entered the employ of the Oliver Typewriter Company, 
at Woodstock, Ill., as a toolmaker, and soon was placed in charge of 
of the department. As the company had no drafting or designing 
department, he made what drawings were required. After six years 
with the company, he became foreman of the tool designing, experi- 
mental, and toolmaking departments of the Illinois Sewing Machine 
Company, at Rockford. Later he was made assistant superintendent 
in full charge of all departments, including the foundry and pattern- 
making. 

In 1908 Mr. Moreland went to Providence, R. I., taking charge of 
the machine department of the American Locomotive Automobile 
Company, and later of its toolroom and grinding department. The 
following year he became tool supervisor of the Warner Gear Com- 
pany, Muncie, Ind., with which he was connected until 1915. One of 
the special machines which he designed for the company was an 
automatic machine for inserting corks into clutch plates for automo- 
bile clutches. 

After leaving the Warner company, Mr. Moreland spent a year 
with the Remington Arms Company, at Eddystone, Pa., as assistant 
superintendent of the tool department, and two years with the 
British Munitions Company, of Montreal, Canada, as master me- 
chanic in the fuse loading and assembling plant. 
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In 1918, when the World War was nearly over, Mr. Moreland went 
to Trenton, N. J., to become chief engineer and designer of the John 
E. Thropp’s Sons Co. Among the designs made for the company 
by him were a special machine for engraving non-skid designs in tire 
molds, a fabric-spooling machine for taking the fabric from the bias 
cutter, a special banding machine, and a collapsible core and chuck. 
He had been with the company about ten years when he became pro- 
duction engineer for the Worthington Pump & Machinery Corp. 

Mr. Moreland became a member of the A.S.M.E. in 1923, and be- 
longed to the Engineers Club in Trenton and to the masonic fraternity. 
He is survived by his widow, Emma J. (Chappel) Morelan 1, whom 
he married in 1899, and by a son, Lester D. Moreland. 


GEORGE WILLIAM MORETON (1860-1934) 


George William Moreton, who died in Wilmington, Del., on March 
2, 1934, after a year’s illness, was English by birth. The son of John 
and Annie (Smith) Moreton, he was born on July 23, 1860, at Min- 
shull Vernon, Cheshire, England. He secured his early education 
at public schools in Crewe and Birmingham and later was a science 
and art student at the Crewe Mechanics Institute, and winner of a 
Whitworth Scholarship in 1885. 

Mr. Moreton began work as an office boy for the London and 
Northwestern Railway in Birmingham at the age of fourteen, and 
three years later was transferred to its shops at Crewe as an appren- 
tice. He completed his training in 1881 and continued to work for 
the company as machinist and draftsman until he came to the United 
States. 

Mr. Moreton’s first employment in this country was with the Pond 
Machine Tool Company, Plainfield, N. J., with which he was con- 
nected as draftsman from 1888 to 1892. He then engaged in similar 
work for the Betts Machine Company, of Wilmington, of which he 
became general superintendent in 1898, and later served also as secre- 
tary and vice-president. When the company was sold, during the 
World War, becoming the Betts Shops of E. I. duPont de Nemours 
& Co., Mr. Moreton was retained as superintendent and consulting 
engineer for several years. Since then he had been associated with 
the Consolidated Machine Tool Corporation of Rochester, N. Y., as 
consulting engineer and manager of the Hilles & Jones plant in Wil- 
mington. 

Mr. Moreton became a member of the A.S.M.E. in 1909. He also 
belonged to the Wilmington Country and Wilmington Whist Clubs 
and the Whitworth Society of England. He was a director of the 
Artisans Saving Fund, Wilmington, and a member of Trinity Church 
there. He is survived by his widow, Hilda W. (Brotherhood) More- 
ton, whom he married in 1906, and by two children, John B. and 
Winnifred Moreton. 


THOMAS MORRIN (1853-1934) 


Thomas Morrin, son of John and Mary Morrin, was born at Water- 
loo, N. Y., on August 6, 1853, and died at his home in San Francisco, 
Calif., on August 1, 1934. He attended public school in Waterloo 
and at the age of fifteen began an apprenticeship at the Island Works 
in Seneca Falls, N. Y., where steam fire engines were manufactured. 
After the completion of his apprenticeship in 1871 he worked for 
fifteen years as a machinist, being employed in Bay City, Mich., and 
San Francisco and Marysville, Calif. 

In 1886 Mr. Morrin became master mechanic for the Carson & 
Tahoe Lumber & Co., at Glenbrook, Nev., where he had full charge 
of railroad, steamboat, and sawmill machinery. Two years later he 
accepted a similar position with the Western Beet Sugar Company 
in Watsonville, Calif., where he remained until July, 1890. During 
the next two years he was foreman in charge of the construction of a 
machine shop, then became master mechanic and chief engineer for 
the D. O. Mills properties in and near San Francisco, a position which 
he held until 1908. 

Mr. Morrin also practiced independently as a consulting mechani- 
cal engineer from 1904 until 1928, when he practically retired, though 
he continued to act as supervising engineer for the Phelan estate, 
San Francisco, until the date of his death. 

Mr. Morrin became a member of the A.S.M.E. in 1897 and be- 
longed to the Engineers Club in San Francisco. He was especially 
interested in fine cabinet work in mahogany and walnut, and took 
walking trips into the Sierra Nevada Mountains. He is survived by 
a daughter, Miss Mary Irene Morrin. His wife, Irene (Hoyt) Mor- 
rin, died in 1916. 


VICTOR EMANUEL MUNCY (1860-1934) 


Victor Emanuel Muncy, whose death occurred at Ashland, Ky., 
on October 26, 1934, was born at Louisa, Ky., on December 1, 1860, 
the son of Samuel K. and Teresa (Carter) Muncy. After teaching at 
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the Academy of the State (Agricultural and Mechanical) College of 
Kentucky for a time, he became interested in engineering. He re- 
ceived a B.S. degree from the college in 1891 and secured a position 
there as teacher in elementary mathematics and physics. He con- 
tinued in that position until 1905, except during 1900-1901, when he 
served as business agent for the college. 

He joined the faculty of the Ohio Mechanics Institute in 1905 as 
instructor in applied electricity and physics. He was given an M.S. 
degree by the State College of Kentucky in 1907, and during the 
scholastic year 1907-1908, on leave of absence from Ohio Mechanics 
Institute, he took a course in electricity and power plant engineering 
at the State University of Kentucy which brought him a B.M.E. 
degree in 1908. He then returned to his duties at Ohio Mechanics 
Institute, where in 1911 he was appointed dean of the School of 
Mechanics and Electricity, later becoming head of the Department 
of Physics and Electricity. He resigned in 1930 after a severe illness. 
The State University of Kentucky conferred an M.E. degree upon 
him in 1913. 

Professor Muncy became a member of the A.S.M.E. in 1914. He 
also belonged to the American Institute of Electrical Engineers, the 
Illuminating Engineering Society, the Royal Society of Arts, American 
Association for the Advancement of Science, the Engineers Club of 
Cincinnati, and Tau Beta Pi, honorary engineering fraternity. 

Professor Muncy’s first wife, Emma (Garred) Muncy, died in 1893, 
two years after their marriage. He was separated by divorce in 1913 
from Mary O. (Hodges), whom he married in 1908. 


HENRY HOTCHKISS MURRAY (1871-1934) 


Henry Hotch!:iss Murray, mechanical engineer and manager for 
the Mechanical Improvements Corporation, Camden, N. J., died at 
the Burlington County Hospital, Mount Holly, N. J., on February 
28, 1934. Mr. Murray was born at Viola, Kent County, Del., on 
March 16, 1871, the son of George Henry and Olive I. (Purinton) 
Murray. He prepared for college at the Hillhouse High School, 
New Haven, Conn., and was graduated from the Sheffield Scientific 
School of Yale University with a Ph.B. degree in 1893. The follow- 
ing year he did post-graduate work there in mechanical engineering 
and was an assistant instructor in shop visiting. 

From 1894 to 1906 Mr. Murray was draftsman for McIntosh, Sey- 
mour & Co., Auburn, N. Y., with the exception of the first six months 
of 1896, when he served as acting professor of mechanical and elec- 
trical engineering at Delaware College, Newark, Del. From 1906 
to 1930 he was connected with the Victor Talking Machine Company, 
Camden, serving in the capacities of designer, chief draftsman, me- 
chanical engineer, chief engineer, consulting engineer, and manager 
of the field technical service. He had been with the Mechanical 
Improvements Corporation since 1930. 

Mr. Murray held many patents pertaining to the improvement of 
the talking machine and a number for camera cases for underwater 
photography. He was very active in the community of Riverton, 
N.J., where he made his home. From 1915 to 1923 he was a member 
of the borough council; from 1916 to 1923, chairman of the Memorial 
Park Committee; from 1917 to 1934, director of the Cinnaminson 
Building and Loan Association; from 1926 to 1932, director of the 
Cinnaminson Bank & Trust Co.; and in 1932-1933, member of the 
Riverton Board of Education. He served as chairman of the com- 
mittee on the location of the Philadelphia-Camden bridge of the 
Camden Chamber of Commerce in 1921, and during the World War 
was active in Riverton in connection with the sale of liberty bonds 
and other war work. At that time he was in charge of airplane parts, 
gun stocks, ete., manufactured by the Victor Talking Machine Com- 
pany. 

Mr. Murray became a junior member of the A.S.M.E. in 1899 and 
a member in 1905. He also belonged to The Franklin Institute, Yale 
Engineering Society, Union League of Philadelphia, Society of 
Colonial Wars, Riverton Country Club, and Yale Club, New York. 
He married Miss Georgiana Groot in 1898 and is survived by her and 
their daughter, Cornelia Groot Murray. 


ALFRED NATHAN (1866-1933) 


Alfred Nathan, president of the Nathan Manufacturing Company, 
New York, N. Y., died at the Presbyterian Hospital in that city on 
May 22, 1933, following an operation. He was a native of New York, 
where he was born on November 21, 1866, the son of Max and Rosa- 
lie Nathan. 

Following his graduation from Stevens Institute of Technology 
with an M.E. degree in 1890 he became assistant mechanical engineer 
for The Geo. F. Blake Manufacturing Co., a position which he held 
until 1897. He had been associated with the Nathan Manufacturing 
Company since then, as assistant secretary until 1903, and vice- 
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president from that time until he became president of the company 
in 1909. 

Mr. Nathan had been a junior member of the A.S.M.E. since 1891. 
He belonged to the Beta Theta Pi and Sigma Alpha Epsilon fraterni- 
ties, and to a number of clubs in New York and vicinity, including 
the Uptown and Criterion clubs, and the Deal and Hollywood golf 
clubs. He is survived by his widow, Mabel E. (Lauer) Nathan, whom 
he married in 1892, and by a son, Alfred Nathan, Jr. 


HAROLD VAN HOUTEN NEEFUS (1883-1934) 


Harold Van Houten Neefus, for many years associated with Fran- 
cisco and Jacobus, engineers and architects, New York, N. Y., died 
in Greenwich, Conn., on August 23, 1934, of pneumonia. 

Mr. Neefus was born in Newark, N. J., on August 21, 1883, the 
son of Henry Freeman and Olive (Van Houten) Neefus. After being 
graduated from the Stevens Institute of Technology with an M.E. 
degree in 1904, he was employed for three years as a draftsman by the 
Public Service Corporation of New Jersey. During the next two 
years he engaged in experimental work, including drafting and shop 
work, for the Blevaey Machine Company, Newark. In 1909 he took 
a position as assistant to the secretary and general manager of the 
Foos Gas Engine Company, with which he remained until 1911. He 
then went to Buffalo to take charge of manufacturing and sales for 
the Bogart Gas Power Company. In 1914 he became mechanical 
engineer for the Northern Division, including six plants, of The 
Texas Company, New York. 

During the World War, from 1916 to 1918, Mr. Neefus was engaged 
in the production of munitions at the Canada Car & Foundry Co. 
Subsequently he served for two years as special engineer for the City 
of Chicago in connection with the electrification of the Illinois Central 
Railroad and the development of the Union Station. He became 
connected with Francisco and Jacobus in sales and promotion work in 
1920 and later was put in charge of the Chicago office and mid-west 
territory. At the time of his death he was serving as manager for the 
Eastern District, New Jersey Department, of the Home Owners 
Loan Corporation, with headquarters at Newark. 

Mr. Neefus became a member of the A.S.M.E. in 1915 and be- 
longed to the Delta Tau Delta fraternity. His wife, Grace (Berger) 
Neefus, died the year following their marriage in 1910. He is sur- 
vived by a son, Van Houten Neefus. 


VICTOR ROBERT NELSON (1898-1934) 


Victor Robert Nelson, whose death occurred on October 3, 1934, 
was born in Cleveland, Ohio, on June 3, 1898, the son of Niels and 
Annie (Madsen) Nelson. During the summer after his graduation 
from the Central High School in Cleveland he was employed by the 
Linde Air Products Company, and he spent subsequent vacations, 
while attending the Case School of Applied Science, working in vari- 
ous shops for practical experience. He was a member of the Reserve 
Officers Training Corps at the School in 1917-1918. 

In the summer of 1920, followng his graduation with a B.S. de- 
gree in mechanical engineering, Mr. Nelsoi: was employed by Van 
Dorn & Dutton Co., Cleveland, in connection with production 
routing and time records. In the fall he secured a position in the 
U.S. Ordnance Engineer's Office in Cleveland, working under the 
supervision of the resident engineer on the design and specifications 
for an artillery tractor and other equipment. After he had been 
there about a year the Cleveland office was discontinued and he was 
transferred to the Rock Island Arsenal, where he continued in similar 
work until March, 1922. 

He then returned to the Van Dorn & Dutton Co., which in 1928 
became a division of Gears & Forgings, Inc. His early work for the 
company was in the sales and estimating departments. He then 
became production supervisor and at the time of the merger was put 
in charge of the organization of a department combining and coor- 
dinating the work of the order and production departments, and cer- 
tain phases of the work of the engineering department. He contin- 
ued to serve as production engineer for the company until his death, 
increasing his knowledge in this field by a course in industrial manage- 
ment through the LaSalle Extension University. 

Mr. Nelson became an associate-member of the A.S.M.E. in 1931. 
He had served as a member of the local Committee on Apprentice- 
ship of the National Metal Trades Association, the Committee on 
Standards of the Cleveland Engineering Society, the Production 
Standards Committee (as chairman) of the Associated Industries of 
Cleveland, and the Production Executive Committee of the Cleve- 
land Chamber of Commerce. He belonged to the masonic fraternity. 

Mr. Nelson married Miss Ruth Ellen Heininger in 1926 and is sur- 
vived by her and by two daughters, Margaret Ellen and Karen Eliza- 
beth Nelson. 
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FRED NOLDE (1874-1934) 


Fred Nolde, secretary and treasurer of the Refrigerating Machinery 
Association, Philadelphia, Pa., died at his home in that city on Decem- 
ber 19, 1934. He was born at Norristown, Pa., on January 16, 1874, 
the son of Henry and Caroline Nolde. He attended the Central 
High School in Philadelphia and then the Drexel Institute there, 
from which he was graduated with a B.A. degree in 1891. 

Following his graduation Mr. Nolde took a position as draftsman 
for the Pennsylvania Iron Works Company in Philadelphia. He 
remained with this company until 1903, being advanced to the posi- 
tion of chief draftsman and sales engineer, and engaging in the de- 
sign, construction, operation, and sales of cable railroad machinery, 
steam engines, hydraulic machinery, ice making and refrigerating 
machinery, and gasoline engines. During the next year he was con- 
nected with James Beggs & Co., selling power machinery in New York, 
and after that held a similar position with the Allis-Chalmers Manu- 
facturing Company, in the Philadelphia district. 

From 1905 te 1927 Mr. Nolde was associated with the De La 
Vergne Machine Company, as sales engineer, chief engineer, and man- 
ager in New York until 1926, when he became consulting engineer 
to the company, with headquarters in Philadelphia. After about 
two years in that position he became eastern sales agent for the Vilter 
Manufacturing Company, of Philadelphia, a position which he held 
until he took the office of secretary and treasurer of the Refrigerating 
Machinery Association in October, 1927, first on a part-time basis and 
latterly as a full-time occupation. 

Mr. Nolde became a junior member of the A.S.M.E. in 1901. He 
resigned in 1910 and was reinstated in 1918 asa full member. He was 
also a member of the American Society of Refrigerating Engineers 
and belonged to the masonic fraternity and to a num ber of clubs, in- 
cluding the Engineers’ and Bankers in New York. He married Miss 
Hedwig P. Haenchen in 1913 and is survived by her and their son, 
Fred Nolde, Jr. 


ARVID NORDIN (1881-1933) 


Arvid Nordin, whose death occurred on July 19, 1933, had been 
associated with the M. H. Treadwell Co., New York, N. Y., for nearly 
twenty years. 

Mr. Nordin was born on July 30, 1881, at Westkinde, Sweden, and 
was educated in that country. After being graduated from the 
college at Venersborg he studied mechanical engineering for three 
years at the Polytechnic Institute at Gothenburg. During his col- 
lege vacations he worked as an apprentice machinist and boilermaker 
at the Eriksbergs Mechanical Works, Gothenburg, and Nydqvist & 
Holm Locomotive Works, Trollhattan. 

Mr. Nordin came to the United States in 1901 and during the next 
four years worked as draftsman and designer-checker for the Niles- 
Bement-Pond Company, Philadelphia, Pa., Westinghouse Electric 
& Manufacturing Co., Pittsburgh, Pa., Carnegie Steel Company, 
Sharon, Pa., Allis-Chalmers Company, Milwaukee, Wis., Illinois 
Steel Company, South Chicago, and Sargent & Lundy, Chicago, II. 
From 1905 to 1912 he was connected with the Tennessee Copper 
Company, Copperhill, Tenn., in the positions of designer-checker, 
chief draftsman, and mechanical engineer. From then until he took 
up his work with the Treadwell organization he was engineer for the 
Link-Belt Company, Chicago. 

During his association with the M. H. Treadwell Company, Mr. 
Nordin devoted a large measure of his ability and energy to the de- 
velopment of the various items of hydraulic equipment which they 
manufacture. He was the inventor of many iraprovements in the 
design and details of spillway and intake gates, hoists and accessory 
equipment, and held many valuable patents on these improvements. 
As contracting engineer for the company, he enjoyed an unusually 
wide acquaintance among hydraulic engineers and in the hydro- 
electric power industry in general. In recognition of his ability and 
accumulated experience with respect to hydraulic equipment, his 
advice and opinions were in constant demand. 

Mr. Nordin became a member of the A.S.M.E. in 1913. He is 
survived by his widow, Ruth L. Nordin, of Allegan, Mich., and by a 
son, John Arvid Nordin. 


EDWARD WILLIAM O'BRIEN (1883-1934) 


Edward William O’Brien, who died at St. Joseph’s Hospital in 
Providence, R. I., on August 4, 1934, was born in that city on No- 
vember 29, 1883. His parents were Edward and Mary (Lindsay) 
O’Brien. Mr. O’Brien attended the Technical High School in Provi- 
dence and was graduated from the evening course at the Rhode 
Island School of Design in 1903. Later he took special courses at 
Franklin Union, Boston, and the Boston Y.M.C.A. in applied me- 
chanics, hydraulics, and other subjects. 
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From 1903 to 1907 Mr. O’Brien was employed by Knight C. Rich- 
mond, engineer and architect of Providence, as a draftsman and de- 
signer, working on power plants and industrial buildings. He spent 
the next two years in Fitchburg, Mass., at the D. M. Dillon Steam 
Boiler Works, engaged in special work for the New England Boiler 
Manufacturers Association on boiler design standardization, and 
compiling a catalog for the company. 

During the years 1910-1917, with the exception of about a year, he 
was associated with Charles H. Fish, consulting engineer of Boston, 
working part of the time in the office on the design of industrial build- 
ings, and making appraisals and reports, and part of the time in the 
field, supervising construction. In 1913-1914 he was engaged by the 
General Electric Company at Lynn to design and serve as inspector 
during the construction of a reinforced-concrete storehouse. 

The Harry M. Hope Engineering Co., Boston, employed Mr. 
O'Brien from 1919 to 1921, keeping him in the field the greater part 
of the time. He spent about eight months as general inspector dur- 
ing the construction of a large power plant in Connecticut, and more 
than a year in St. Louis, Mo., in connection with the construction 
and equipment of a power house and three eight-story reinforced- 
concrete buildings for the United Drug Company. 

He was next connected with the American Printing Company, 
Fall River, Mass., as assistant to the plant engineer. His most im- 
portant work for this company, with which he remained until 1930, 
was the supervision of the design, construction, and equipment of a 
large cotton mill in Tennessee, including the mill itself, and a store- 
house, power plant, and pumping station, as well as some two hun- 
dred dwellings for mill operatives, with water and sewer systems. 

Since 1930 Mr. O'Brien had been connected with the Public Build- 
ings Department of the City of Providence, being second deputy to 
the inspector of public buildings, in charge of zoning, at the time of 
his death. 

Mr. O’Brien became a member of the A.S.M.E. in 1927. He is 
survived by his widow, Gertrude (Curran) O’Brien, whom he married 
in 1926, and by two children, Margaret J. and Robert E. O’Brien. 


SPENCER OTIS (1858-1933) 


Spencer Otis, whose death occurred on June 10, 1933, was born in 
Orange, N. J., on February 26, 1858, the son of Daniel Carmichael 
and Clarissa Otis. He entered Amherst College in 1876 but was 
obliged to leave because of illness. The following year he secured 
work at a brick and terra cotta factory in Louisville, Ky., and in 1877 
he began an apprenticeship with the Union Pacific Railroad at its 
Omaha, Neb., shops. Upon the completion of his training he worked 
for that road for some years, advancing to the position of master 
mechanic. 

In 1888 he became general manager of the Kansas City Switch & 
. Frog Co., and two years later president of the Phoenix Foundry Com- 
pany. He engaged in consulting work, beginning in 1891, and five 
years later organized the Spencer Otis Company, of Chicago, manu- 
facturers and agents for railway supplies. He served as president 
of this company until its sale some twelve or fifteen years later. For 
a number of years, beginning in 1892, he was also president of the 
National Dump Car Company, Chicago, which in 1904 was combined 
with the Rodger Ballast Car Company, with Mr. Otis as vice-presi- 
dent. He held many patents pertaining to railway cars and equip- 
ment. 

About 1902 Mr. Otis became interested in large-scale farming, and 
much of the latter part of his life was devoted to it, especially to the 
development of pastures in the Middle West. His chief engineering 
connection in recent years was with the National Boiler Washing 
Company, of which he became president in 1919, and the Locomotive 
Terminal Improvement Company, which he formed in 1925 to manu- 
facture plants for the former company, and to develop and build 
plants for locomotive terminals. At the time of his death he had re- 
tired and was residing in Waco, Texas, with a married daughter. 

Mr. Otis became a member of the A.S.M.E. in 1890 and also be- 
longed to the Western Railway Club, the Union League Clxb, 
Chicago, and Barrington Hills Country Club. 

He was twice married, his first wife, Eleanor G. Beard, dying in 
1885 and his second, Julia Melchers, in 1902. He is survived by one 
son, Spencer Otis, Jr., of Chicago, and by five daughters. 


GEORGE BAILEY PAGE (1887-1934) 


George Bailey Page, Philadelphia district manager for The Terry 
Steam Turbine Company, of Hartford, Conn., died at his office from 
a hemorrhage on September 10, 1934. His widow, Helen (Ferguson) 
Page, whom he married in 1919, and two children, George F. and 
Jane Helen Page, survive him. 

Mr. Page was born at Williamsport, Pa., on April 27, 1887, the 
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son of Earnest A. and Sarah (Bailey) Page. He attended the Dickin- 
son Seminary in Williamsport and was graduated from Cornell 
University with a mechanical engineering degree in 1911. He then 
served an apprenticeship at the DeLaval Steam Turbine Company, 
Trenton, N. J., and worked for the company in different capacities 
until early in 1916. During the next five years he was district engi- 
neer for the Rush Machinery Company, Pittsburgh, Pa., holding the 
honorary title of vice-president. In 1921-1922 he was Pittsburgh dis- 
trict sales engineer for the Underfeed Stoker Company of America 
and then held a similar position with the Sanford Riley Stoker Com- 
pany for nearly two years. 

Between then and 1926 Mr. Page was a member of the firm of Geo. 
B. Page & Co., in Pittsburgh, leaving there to become associated with 
B. F. Sturtevant Co., New York. He had been with The Terry 
Steam Turbine Company since January 1, 1932. He was well versed 
in both sales and installation work in his field. 

Mr. Page became an associate-member of the A.S.M.E. in 1924, 
and had belonged to the Engineering Society of Western Pennsylvania 
and the Association of Iron and Steel Electrical Engineers, and to 
Alpha Chi Rho fraternity. 


GEORGE EDWARD PERKINS (1877-1934) 


George Edward Perkins, who died at the Brooklyn Hospital on 
May 4, 1934, was born in Newburyport, Mass., on November 23, 
1877, the son of George Collyer and Sarah (Hinckley) Perkins. He 
attended high school in Amesbury, Mass., for three years, and then 
found work in the boiler and dynamo rooms of the electric light com- 
pany there. From June, 1900, to November, 1902, he secured 
varied experience as operating engineer and electrician in resort 
hotels in New England and Florida. He then became operating 
engineer in charge of the steam plant of W. W. Cross & Co., Inc., 
Brockton, Mass., with which he remained until 1909, and subse- 
quently held a similar position with the T. D. Barry Co., also in 
Brockton. 

Mr. Perkins entered the employ of the Fidelity & Casualty Co. of 
New York, in November, 1911, as a boiler inspector. About a year 
later he was transferred to the home office of the company as assistant 
to the chief boiler inspector. He remained with the company until 
the end of January, 1920, his work in connection with the inspectors 
and the insured requiring a knowledge of the design, construction, 
and operation of steam boilers and engines. Since then he had been 
assistant engineer, in the Engineering Department, of the Royal 
Indemnity Company, New York, his duties being similar to those 
of his previous position, but involving more responsibility. 

Mr. Perkins became a member of the A.S.M.E. in 1925, and was 
active in the masonic fraternity and Odd Fellows, holding several 
offices. He is survived by his widow, Alice L. (Duston) Perkins, 
whom he married in 1904, and by a daughter, Helen M. Perkins. 


GEORGE SIMEON PERKINS (1868-1933) 


George Simeon Perkins, who had been engaged in contracting and 
superintending construction in and about San Francisco, Calif., for 
some years, died suddenly on June 21, 1933, at his home in Oak- 
land, Calif. He had been in failing health for two years. 

Mr. Perkins was born at Bridgeport, Conn., on August 14, 1868, 
the son of George B. and Maryetta (Blood) Perkins. After complet- 
ing his high school course in that city he attended the Stevens In- 
stitute of Technology, Hoboken, N. J., securing a degree in mechani- 
cal engineering in 1891. During the next six years he worked for the 
Dow Typesetting & Composing Co., New York, the Philadelphia 
Traction Company, and the East Jersey Water Company, in connec- 
tion with the installation of pumping engines at Little Falls, N. J. 
Subsequently he was employed by the Ingersoll-Sargeant Company, 
on central station air plants, and by several portland cement plants 
no longer in existence, including the Pacific, Hecla, and Midland. 

Mr. Perkins became a member of the A.S.M.E. in 1926. He is 
survived by his widow, Adela B. Gayer, and by three children, 
Daniel Carter, George Stephen, and Mary Gayer Perkins. 


JOHN McCLARY PERKINS (1878-1934) 


John McClary Perkins, treasurer of the Wittenmeier Machinery 
Co. of N. Y., New York, N. Y., died in the New York Hospital on 
August 10, 1934, of pneumonia. 

Mr. Perkins was born in Washington, D. C., on September 4, 1878, 
the son of John McClary and Lucy (Flagg) Perkins. He attended 
high schvol at Arlington, Mass., and was graduated from the Massa- 
chusetts Institute of Technology in 1901. During the next three 
years he worked in the steel foundries of the Everett, Mass., branch 
of the General Electric Company, becoming a foreman molder. He 
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then took a position as foundry superintendent at the Saco-Lowell 
Shops, where he installed a complete foundry accounting and cost 
system and put the foundry on a piece-work basis. He left there in 
1909 to build, equip, and put into operation a foundry for the Chal- 
mers Motor Company. 

From 1911 to 1916 he was connected with Turner & Seymour, 
Torrington, Conn., first as foundry manager, and for the last three 
years as sales manager. He then became works manager of the Gil- 
bert & Barker Manufacturing Co., a subsidiary of the Standard Oil 
Company, and put into successful operation there the conference 
committee plan later adopted by all branches of the Standard Oil. 
In 1919 he went to the Kewanee Works of the Walworth Manufac- 
turing Company, where he settled a strike and formed a conference 
committee. He became manager of the McNab & Harlin Manufac- 
turing Co., Patersen, N. J., in 1921, and remained there until about 
1923, when he became treasurer of the Lapham-Perkins Engineering 
Company, of New York. He had been treasurer of the Wittenmeier 
Machinery Company since 1926. 

Mr. Perkins became a member of the A.S.M.E. in 1923, and was a 
former president of the Refrigeration Association of New York. He 
also belonged to the masonic fraternity, Elks, and New York Rotary 
Club. He is survived by his widow, Floye (Dinwiddie) Perkins, 
whom he married in 1906, and by a son, Wilkes D. Perkins. 


ARTHUR FRENCH POOLE (1872-1934) 


Arthur French Poole, who had been granted many patents for his 
inventions in connection with electric clocks and adding machines, 
died at his home in Ithaca, N. Y., on April 26, 1934, after a short ill- 
ness. 

Mr. Poole was born in Cumberland, Md., on August 21, 1872, son 
of Arthur A. and Virginia (French) Poole. He received his early 
education there. Later the family moved to Washington, Pa., 
where he learned the watchmaker’s trade under his father, then 
entered Washington and Jefferson College, with the class of 1891, 
and studied there for three years. Having become interested in the 
newly founded Leland Stanford Jr. University, he went there in 1894, 
taking an A.B. degree in astronomy in 1896. At Stanford he made 


use of his watchmaking training to work his way through college. 
He also spent considerable time at Lick Observatory. 

Mr. Poole returned to Pennsylvania after his graduation and went 
to work as a draftsman for John Brashear, noted maker of telescope 


lenses and scientific instruments, at Alleghany. He left in 1897 to 
work on a clock system of his own invention and in 1899 formed the 
Poole Clock Company, Wheeling, W. V2., to manufacture the clock. 
The company was dissolved in 1902, because of business conditions. 
His interest turning to electrical work, he joined the Mountain State 
Electric Company, of Wheeling, to do development work in connec- 
tion with automatic telephones, and party tine systems. Many of 
his early patents reflect his work here. 


In 1908 Mr. Poole went to Chicago, IIll., where for several years he’ 


engaged in special development and research work. He worked for 
Jackson and Jackson on a workmen’s time register, for the Holtzer 
Cabot Company, of Boston, on a frequency meter, and independently 
on a speedometer. In 1911 he took charge of the patent and de- 
velopment department of the Wahl Adding Machine Company there, 
and some of his most brilliant work was done in the development of 
adding machine attachments for typewriters. In 1918 the company 
acquired patents on automatic pencils, which enabled it to develop 
and market the Eversharp pencil, and Mr. Poole’s inventive genius 
assisted materially in this work. He was made a director and vice- 
president of the company in 1920, and two years later, when the 
Remington Accounting Machine Corporation, a subsidiary of the 
Remington Typewriter Company, was formed to take over the Wahl 
edding machine business, he went to New York as vice-president and 
general manager of the new organization. He remained active as a 
director of the Wahl company, however, until his death. 

Perhaps due to his early training, he was always deeply interested 
in clocks, especially electric clocks and electric clock systems. His 
first patent, granted in 1899, was for an electric clock. He was a 
pioneer in the development of the synchronous motor clock, and 
methods of frequency control for them, and many of the earliest 
patents in this field were granted to him. In 1924 he formed the 
Poole Manufacturing Company for the purpose of making a battery 
clock of his invention. He established a factory at Westport, Conn., 
and manufactured these clocks there until 1926, when the business was 
affiliated with the Morse Chain Company, of Ithaca, N. Y., and 
moved to Ithaca. His work in inventing and designing this clock led 
The Franklin Institute to award him a Certificate of Merit in 1933. 

Mr. Poole retired from active business in 1931, but continued in 
development work. At the time of his death he had many patents 
pending in the patent office. Since his first patent was granted in 
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1899, he had received more than one hundred, chiefly in the adding 
machine and electric clock fields. 

Like many scientists, Mr. Poole was a lover of music. He had a 
large collection of symphonic scores, played the ’cello and piano, and 
while in Chicago was a member of a string quartet. 

Mr. Poole became a member of the A.S.M.E. in 1921 and also be- 
longed to The Franklin Institute. 

Surviving Mr. Poole are his widow, Maryline (Barnard) Poole, 
whom he married in 1904; two daughters, Mrs. Martin D. Hardin, 
Jr., of New York, N. Y., and Miss Elizabeth Poole, of Ithaca; and 
three sons, Frank and John Poole of Ithaca, and Arthur B. Poole, of 
Bristol, Conn. 


WILLIAM BANCROFT POTTER (1863-1934) 


William Bancroft Potter, for many years engineer for the railway 
department of the General Electric Company, Schenectady, N. Y., 
died at his home in that city on January 15, 1934. Mr. Potter was 
one of the best known electric traction engineers in the United States. 
His career went back prior to 1890, when electric street cars were still 
struggling to overcome technical difficulties and public prejudice. 
His contributions to the electric traction art were substantial and 
long continuing. Many of them were covered by the 130 patents 
which had been issued in his name. 

Mr. Potter was born on February 19, 1863, at Thomaston, Conn., 
the son of Horace and Charlotte (Pierce) Potter. He gave early 
evidence of his mechanical aptitude and during the latter years of 
his school life spent his vacations working in the Seth Thomas clock 
factory. After completing the Thomaston high-school course he 
served an apprenticeship as a machinist with Sawtell and Judd, in 
Hartford, Conn. He continued with that company for two years 
after the completion of his apprenticeship, securing further training 
in machine shop and steam engineering work. While repairing sta- 
tionary engines at the plant of the Hartford Electric Light Company 
he became interested in electrical apparatus. He foresaw that the 
development of the electric dynamo would have a marked influence 
upon the future of the steam engine, and this trend in his thinking 
led him to study dynamos and electric generating stations. In the 
summer of 1887 he entered the employ of the Thomson-Houston 
Electric Company, Lynn, Mass. After a period of shop training he 
was sent into the field to adjust trouble in electric light plants which 
the company had installed, and served for a time as superintendent 
of the electric light company at Raleigh, N. C. 

In the fall of 1889, having seen his first electric street car, he re- 
turned to Lynn and became a shop student in electric traction work. 
This was again supplemented by practical experience in the field, 
particularly on the West End Street Railway Company's system in 
Boston, and others of less importance. 

Later, returning to the Lynn plant, he aided in the development 
of the Thomson-Houston single-reduction motor for street cars, and 
when Walter H. Knight was appointed engineer of the railway de- 
partment he became Mr. Knight's principal assistant. He was 
active in working out railway circuit breakers, fuse blocks, lightning 
arresters, and switches. The most serious problem in electric railway 
work at that period was the matter of an efficient controller for electric 
cars. Knight and Potter both worked on this, and ultimately they 
solved the problem by the invention of the series-parallel controller, 
which became the basic method in use all over the country from that 
time forward. Mr. Potter's part in the development of the controller 
ted to his being placed in charge of all contro! work for street railways. 

In 1894, when the Thomson-Houston Electric Company became 
part of the General Electric Company, Mr. Potter was transferred 
to Schenectady, and in 1895 he was appointed engineer of the railway 
department, succeeding Mr. Knight. He continued in this position 
until his retirement in 1930. In that long interval he witnessed and 
aided materially the tremendous expansion of electric traction in the 
street railway and interurban field, and also participated in the 
earliest installations of electrical equipment upon the lines of steam 
railroads. 

The major projects in which he was associated were the electrifica- 
tion of the Manhattan Elevated Railway of New York, the electri- 
fication of the Grand Central Terminal, and the Paris and Orleans 
railroad in France. Other projects with which he was prominently 
identified included the West Jersey and Seashore, Detroit tunnel, 
Great Northern Railroad, Southern Pacific, Butte, Anaconda and 
Pacific and Milwaukee, Chicago, St. Paul and Pacific railroads. 

A suggestion made by Mr. Potter in the spring of 1896 resulted 
in the establishment of the old Genersl Electric test railroad, or test 
track:, along the berm bank of the Erie canal, stretching outward 
from the local General Electric plant about a mile and a half. There 
all tests of electric railway equipment were conducted until 1919, 
when the berm bank track was discontinued. 
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On this track were tested early types of gas-electric rail cars, some 
of which later went into commercial service on eastern railroad lines. 
Mr. Potter participated in many of these test trips and had an active 
part in directing the development of the propulsion equipment for 
these cars. 

Possibly his most valuable work within the General Electric Com- 
pany during latter years had been his organization and development 
of a great engineering staff for electric railway and electric railroad 
work. His supervision of the department of which he was the head 
was practically an unbroken stretch of harmonious relations. 

Mr. Potter became a member of the A.S.M.E. in 1897. He also 
belonged to the American Society of Civil Engineers, American In- 
stitute of Electrical Engineers, and Society of Naval Architects and 
Marine Engineers. He served as a member of the A.I.E.E. traction 
and transportation committee during 1916-1917, 1919-1921, and 
1923-1924; its transportation committee, 1925-1932; and its educa- 
tion committee the year before his death. He had contributed many 
articles to the technical societies. 

Mr. Potter had been interested for many years in community life 
and the development of Schenectady. He particularly followed the 
fortunes of the Schenectady Civic Players. He was a man of various 
hobbies, which gave him a means on many occasions of delighting his 
friends. He was a consistent radio enthusiast from the early days of 
the art, and had done independent research and development work 
on a type of radio receiver. 

Mr. Potter’s club memberships included the Engineers’, Trans- 
portation, and Railroad, New York; Mohawk, Mohawk Golf, and 
Edison, Schenectady; and Griswold, Erie. He was twice married, 
his first wife being Loretta Harward, of Raleigh, N. C., whom he 
married in 1890, and his second, who survives him, Rose Hubbard, 
formerly of Sandusky, Ohio, whom he married in 1912. A daughter, 
Dorothy (Potter) Bird, also survives him. 


THOMAS PROSSER (1854-1934) 


Thomas Prosser, senior member of the firm of Thomas Prosser & 
Son, metal dealers, New York, N. Y., died on December 23, 1934, at 
his home in Garden City, L. I., N. Y., after a long illness. A daugh- 
ter, Mrs. John Good, and a son, Thomas H. Prosser, both of Garden 
City, survive him, as do three sisters and four brothers. 

Mr. Prosser, who was the eldest of eleven children, was born in 
Brooklyn, N. Y., on August 24, 1854. He attended the Lafayette 
and Brooklyn Polytechnic Institutes and at the age of twenty-one 
became a member of the firm, which was established by his grand- 
father. He made frequent trips abroad in connection with business 
for the Krupp Steel Works, of Essen, Germany, for which the firm 
became American representative in 1848, and also traveled exten- 
sively in the United States. 

Mr. Prosser became a member of the A.S.M.E. in 1893 and also be- 
longed to the Railroad and Engineers Clubs and the Chamber of 
Commerce of New York. 


FREDERICK GEORGE PROUTT (1870-1934) 


Frederick George Proutt, consulting engineering and chairman of 
the City Board of Water Commissioners of Memphis, Tenn., died in 
that city on May 27, 1934, after an illness of six months. Mr. Proutt 
was born at Bowmanville, Ont., Canada, on November 27, 1870, the 
son of Mark James and Martha (Burke) Proutt. His mother died 
at his birth. He secured his early education in Canadian public 
schools and at the age of seventeen entered the employ of the Cana- 
dian Bell Telephone Company. He worked there until 1890, when 
he took a position as superintendent of the Bowmanville Electric 
Light Company. 

In 1892 Mr. Proutt came to the United States and for two years 
studied electrical engineering at the works of the General Electric 
Company at Lynn, Mass. Upon completion of the course in 1894 he 
became chief electrician and assistant to the general manager of the 
Malden Electric Company, Malden, Mass. He left New England in 
1897, accepting the position of chief electrician of the Memphis Con- 
solidated Gas & Electric Co., of which he later became general super- 
intendent. During the nine years he spent with this company he 
designed plans for and supervised the installation of the first exten- 
sive underground conduit system for distribution of electricity in the 
city. 

In 1906-1907 Mr. Proutt was general manager for the Electric 
Railway Light & Power Co. at Jackson, Miss., for which he designed 
and installed electric power and gas plants.. He returned to Memphis 
at the beginning of 1908 and opened an office for consulting engineer- 
ing practice, specializing in the design and management of public 
utilities. He designed a number of plants in Arkansas, Mississippi, 
and Tennessee, including light and heat plants for the University of 
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Mississippi, Light and Power for the Brownsville Cotton Oil & Ice Co., 
water works and sewage disposal systems for the city of Brownsville, 
and other public utility plants at Friar Point, Laurel, and Cleveland, 
Miss., and at Blytheville, Osceola, and Luxora, Ark., as well as private 
installations in Memphis and vicinity. 

In May, 1917, during the World War, Mr. Proutt entered the First 
Officers Training Camp at Chickamauga Park, Ga. He was com- 
missioned a captain of engineers but subsequently discharged be- 
cause of defective eyesight. He was then appointed consulting 
engineer for the War Finance Corporation at Washington, D. C., and 
devoted two years to Government work in this civil capacity, part of 
the time being spent in Washington and the remainder in Memphis. 
His work included a survey of Tennessee industries for the Naval 
Consulting Board. 

Mr. Proutt became chairman of the Memphis City Board of Water 
Commissioners in 1920, and held that office until his death. His 
able representation of the city in 1920 in the appraisal of the plants of 
the Memphis Consolidated Gas & Electric Co., which were subse- 
quently acquired by the Memphis Power & Light Co., led also to his 
selection in 1921 as consulting engineer for the State Railroad and 
Public Utilities Commission of Tennessee; this connection also con- 
tinued throughout the remainder of his life. 

Mr. Proutt had also served as president of the Consumers Water 
Company, at Blytheville, and as treasurer of the Home Light & 
Ice Co., at Cleveland. At the time of his death he was president of 
the Peoples Finance & Thrift Co., at Memphis, and a trustee of the 
Wiiliam R. Moore School of Technology, and for five years he was a 
trustee of the Memphis and Shelby County Tubercular Hospital. 

In 1914 Mr Proutt aided in organizing and was the first president 
of the Engineers’ Club of Memphis. To all club activities he was 
generous with his time and resources, the Technical Education Fund, 
which since his death has been given his name, being his chief interest. 
He served as chairman of this fund from the time of its inception. 

He was also a charter member of the Memphis Section of the 
American Institute of Electrical Engineers. He became a member of 
the A.S.M.E. in 1915. He was a vestryman at St. Luke’s Episcopal 
Church in Memphis and had attained the highest degrees in Masonry. 

Surviving Mr. Proutt are his widow, the former Miss Laura J. Yarn- 
old, of Whitby, Ontario, Canada, whom he married in 1895, and a 
daughter, Miss Jean Proutt. A younger daughter, Marjorie, died in 
1925. 


MARK ANTHONY REPLOGLE (1861-1934) 


Mark Anthony Replogle, president of the Replogle Heater Com- 
pany, Akron, Ohio, died at his home in that city on May 25, 1934, 
after a year of poor health. He was born at Martinsourg, Blair 
County, Pa., on September 8, 1861, son of Samuel B. and Margaret 
A. (Hanawalt) Replogle. His father was the inventor of an auto- 
matic buffer and coupling widely used on railroads. His childhood 
was spent in Mifflin County, Pennsylvania, where he attended the 
public schools. Subsequently he taught in the schools there for a 
time, then went to Iowa, where, after a period on a farm, he worked 
in machine shops in Hampton and Ackley. 

In 1885 Mr. Replogle entered the Iowa State Normal School 
at Cedar Falls, where he took a three-year mechanical course, spend- 
ing his vacations as representative of the Akron, Ohio, firm of Ault- 
man Miller & Co. in the harvest fields around Cedar Falls. During 
the next two years he again taught school in Pennsylvania, then be- 
came associated with H. E. Olbrich and H. H. Clay, of Cedar Fails, 
in the manufacture and sale of water-wheel governors. In 1895 the 
manufacturing rights were purchased by the Selle Gear Company, 
of Akron, and the Replogle Governor Works was organized, with Mr. 
Replogle as chief engineer. The Selle Gear Company was later ab- 
sorbed by the Webster, Camp & Lane Co., for which he became hy- 
In 1906 he organized the Lombard- 
Replogle Engineering Company, specializing in water-wheel gover- 
nors. The Replogle Heater Company was formed in 1925. 

Mr. Replogle’s interest in water wheels went back to his childhood, 
when he made wheels which he tried out in neighborhood streams. 
From 1889 on he devoted himself to design in this and related fields. 
He held patents in the United States and other countries for his origi- 
nal inventions, which include a discharge gate for turbine wheels, 
an electrical governor, a mechanical speed governor, a sliding toggle, 
mechanical movements, and a smokeless home heater. He was 
associated with the design and construction of a number of water- 
power plants, including one at Sault Ste. Marie, Mich., while he was 
with the Webster, Camp & Lane Co., which was the largest erected 
in the United States up to that time. He furnished the governors 
and turned on the water that started the first turbines of the Niagara 
Falls Paper Company. 

In 1894 he published a treatise entitled, ‘Electricity and Water- 
Power and Their Inter-relations,”’ republished by the Electrical Re- 
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view Publishing Company, New York, in 1896, and his paper on 
“Speed Regulation in Water-Power Plants,” prepared at the request 
of The Franklin Institute, was one of the earliest works in this coun- 
try on that subject. Other papers by him have appeared from time 
to time in the technical press in this and other countries. 

Mr. Replogle became a member of the A.S.M.E. in 1898. He was 
a 32d degree Mason. He is survived by a son, George B. Replogle, 
and by two daughters, Mrs. Edith (Replogle) Harley and Mrs. 
Wilhelmina (Replogle) Groff, all by his first wife, Emma H. (Steeley) 
Replogle. His second wife, Carrie (Pardee) Replogle, died in Decem- 
ber, 1933. 


MYRON B. REYNOLDS (1880-1934) 


Myron B. Reynolds, city engineer of Chicago, Ill., died at the Ed- 
ward Hines Hospital in that city on January 27, 1934, of cancer of 
the throat. He had been in the service of the city, in various capaci- 
ties, since 1907, although inactive because of his illness for some 
time prior to his death. 

Mr. Reynolds was born at Pana, IIl., on December 12, 1880. He 
entered college at Rose Polytechnic Institute in 1900 and spent two 
years there. He then worked for a year as draftsman on elevated 
railway rolling stock and structures in Chicago and a year in St. Paul, 
part of the time on bridge design for the Great Northern Railway and 
the remainder as draftsman in the Public Works Department of St. 
Paul. He reentered college as a junior at Armour Institute in 1904 
and was graduated two years later. 

Immediately following his graduation Mr. Reynolds entered the 
employ of the City of Chicago. During the next three years he 
worked as engineer in the Bureau of Engineering, in connection with 
tunnel construction, and as office assistant to the assistant city engi- 
neer. He then spent two years as superintendent of concrete bridge 
construction for a contracting engineer in Chicago. He returned to 
the employ of the city in 1911 in the position of assistant engineer of 
the Bureau of Engineering. After two years he was made engineer 
of water-works design and held that position until 1923, when he be- 
came assistant city engineer. In 1917 he was granted leave of ab- 
sence for military duty and served as a major in the Corps of Engi- 
neers for about fifteen months, being stationed at several different 
camps in the United States. 

In 1927, after the death of John Ericson, under whom he had been 
serving as assistant city engineer, Mr. Reynolds was called upon to 
fill the position of acting city engineer for several months and in 1931 
he was appointed city engineer. Many of his recommendations 
have been adopted in modernizing the Chicago water-works system, 
particularly in connection with metering and filtration projects. 
He was senior author, with Arthur E. Gorman, city filtration engi- 
neer, of a paper on ‘‘Chicago’s Water Pollution Problem, Past, 
Present, and Future,’’ which brought him the award, just a few days 
before his death, of the medal of the Illinois Society of Engineers for 
the best paper published by one of its members in 1933. 

Mr. Reynolds became a member of the A.S.M.E. in 1924. He 
also belonged to the American Water Works Association and was 
commander of a post of professional engineers of the American Legion 
in Chicago. He is survived by his widow, Irene Reynolds, and by a 
son, Myron, Jr. 


PALMER CHAMBERLAINE RICKETTS (1256-1934) 


Palmer Chamberlaine Ricketts, president and director of the 
Rensselaer Polytechnic Institute, which he had served as instructor to 
president during sixty successive years, and honorary member of the 
A.S.M.E., died at the Johns Hopkins Hospital, Baltimore, Md., on 
December 10, 1934. 

From an institution of less than two hundred students he had seen 
Rensselaer grow to seventeen hundred students and from two build- 
ings to twenty or more. For most of this growth he was largely re- 
sponsible, owing to his scholarship, foresight, and administrative 
ability. Of the present buildings used by the Institute, only three 
were erected before his presidency. At present there are twelve 
distinct courses offered hy the Institute, of which only one was offered 
at the time he undertook the direction of the Institute. This expan- 
sion has been the result of his conception of the field of endeavor of a 
true polytechnic institute. 

Palmer Ricketts, the son of Palmer C. and Eliza (Getty) Ricketts, 
was born at Elkton, Cecil County, Maryland, on January 17, 1856. 
His early boyhood was spent in Maryland, but in 1865 after the 
death of his father the family moved to Princeton, N. J., and here he 
was prepared for college by Mr. John Howard O’Brien, a tutor in 
Latin of Princeton College, and entered the Rensselaer Polytechnic 
Institute in September, 1871, at the early age of fifteen. 

His high scholastic record was remarkable and was gained while he 
participated in the student activities of that day. In 1875, at the 


age of nineteen, he received his degree of Civil Engineer with twenty- 
three other young men. 

In 1874, during the student days of Palmer Ricketts, the Institute 
celebrated the Fiftieth Anniversary of its founding and from the 
student body of less than 200 members, eleven men received the de- 
gree of Civil Engineer in that year. The C.E. degree was the only 
degree conferred by the Institute at that time. 

On account of his high scholarship Palmer Ricketts was offered an 
instructorship in mathematics and astronomy, which so appealed to 
him that he accepted this rather than entering at once into the prac- 
tice of engineering in the activities of that day, although he carried 
on practical work in connection with his teaching, as assistant engi- 
neer of the Troy and Boston Railroad in 1876. 

In 1882 he was made an assistant professor of mathematics and 
astronomy, and in 1884 he was appointed the William Howard Hart 
Professor of Rational and Technical Mechanics, which had previously 
been held by the late William H. Burr. The success of his teaching 
in structures and hydraulics was so outstanding that he was a con- 
sultant in bridge engineering of the Rome, Watertown, and Ogdens- 
burg Railroad from 1887 to 1891, the engineer of the Public Improve- 
ment Commission of Troy from 1891 to 1892, the River Commission 
of Corning from 1897 to 1898, and the designer and supervisor of erec- 
tion of a number of bridges and hydraulic structures. 

His work at the Institute prepared him as an expert in patent 
cases and he presented testimony in important litigations between 
the years 1886 to 1897. 

In 1892, after the resignation of Director D. M. Green, Palmer 
Ricketts, at the age of thirty-six, became the director of the Institute 
under the presidency of John Hudson Peck, a lawyer of the City of 
Troy, N. Y. The separation of the directorship from the presidency 
caused much difficulty in the management and development of the 
Institute, owing to the lack of understanding of the educational needs 
of the Institute by the presiding officer of the Board, so that the early 
days of Director Ricketts were filled with trips from the ‘‘Hill’”’ to the 
city with requests and arguments. Fortunately, in 1901 the two 
offices were combined and Director Ricketts became president and 
director. Although president for the last thirty years he was always 
affectionately called ‘‘the Director,’’ a title which his loyal friends 
used, and, we believe, he liked. 

On November 12, 1902, Director Ricketts married Miss Vjera 
Conine Renshaw, of Baltimore, Md., and this wedding was marked 
by demonstrations of affection and admiration for the Director by 
the faculty and student body. This affection and admiration for 
him has been extended by the faculty and students to his wife, who 
entered into and shared all of his plans and activities during the full 
term of his presidency. 

In 1904 the burning of the main building was the beginning of a 
new Institute, the monument to the ability, wisdom, and persever- 
ance of Director Ricketts. Such a catastrophe as the fire is often a 
blessing in disguise. It proved so in this case. With the major part 
of the plant destroyed, an offer was made to transfer the Institute to 
a large university with the retention of the name of the Rensselaer 
Polytechnic Institute, but President Ricketts with his faculty de- 
termined to remain at Troy and build again on the foundations es- 
tablished three-quarters of a century before. 

After a conference with the late Capt. Robert W. Hunt, Director 
Ricketts went to Andrew Carnegie and persuaded him to give $125,- 
000 for a new building. Then money was raised to purchase the 
Warren House and grounds on Eighth Street and money was given 
by Mr. J. J. Albright for part of the cost of the William Weightman 
Walker Laboratory, named in memory of a graduate of the class of 
1886. 

Director Ricketts then persuaded Mrs. Russell Sage to give a sum 
of one million dollars to found a course in mechanical engineering as 
a memorial to her husband. This was in the year 1907 and at this 
time the Institute, under the guidance of the Director, inaugurated 
the courses in mechanical engineering and electrical engineering. 

From here on the years have brought to the Institute gifts for build- 
ings and endowment from alumni, friends, and citizens of Troy and 
an enlargement of its field of education. A recital of this progress 
would show the regard and trust which these donors have had in the 
man who indicated the needs of the institution which he had loved, 
served, and directed for more than a generation. 

Following the introduction of courses in mechanical and in electri- 
cal engineering, the course in chemical engineering, and, subsequent 
to 1922, courses, in arts, science, and business administration, in 
physics, in chemistry, in biology, in architecture, in metallurgical 
engineering, in industrial engineering, and in aeronautical engineering 
have been added. A new building which will house the aeronautical, 
industrial, and metallurgical departments, will be called the Ricketts 
Building, in his honor. 

In all of this development Director Ricketts was guided by the 
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thought of service. His theory of admissions and his desire to in- 
crease the work offered by the Institute was inspired by his desire to 
give to those who wanted an education in some field of technology a 
chance to prove their worth. He always thought that offering a 
chance to those who might make good was more important than the 
insistence upon formal admission examinaticns. 

In the administration of the Institute, he was ever the champion 
of those who did not receive the ‘‘fair deal.’’ Although believing in 
student activities and student life, he was not willing to have hazing 
or freshman rules interfere with the free life of every member of the 
student body. His stand against hazing came only when this form 
of student life went beyond bounds of decency, fair play, and even 
morality. He was ever willing to remain firm to his convictions, 
even under adverse criticism from students or alumni. His ability 
to handle student discipline was remarkable and effective. In its 
administration he had his fixed conviction, but his great sense of 
humor was a wonderful aid in this work. 

He was interested in the possibility of aid, financial and scholastic, 
for the students needing such. To him personally many owe their 
graduation, for without his aid it would have been impossible to con- 
tinue. 

Director Ricketts stood for the highest scholarship from students 
and faculty, and never did he deviate from the motto of the Institute, 
“Knowledge and Thoroughness,” in his administration of Institute 
educational policies. He insisted on the traditions of daily recita- 
tions, and topic work and even in the ‘‘scholastic amusements,” as 
Amos Eaton called the work in the laboratories, the work had to be 
tested by final examination. 

In 1924 the Institute celebrated the Centennial of its founding and 
Director Ricketts was most happy in the recognition which came to 
the Institute from governments, prominent engineers, and educational 
institutions of the whole world through the greetings of those in at- 
tendance at these extensive ceremonies. 

Director Ricketts was active in civic affairs as shown by the posi- 
tions held at the time of his death. He was a trustee and vice- 
president of the Troy Public Library, a trustee of Dudley Observatory 
of Albany, N. Y., of the Albany Academy, of the Albany Medical 
College, and the New York State College for Teachers. He was a 
director of the Samaritan Hospital of Troy and vice-president of the 
Rensselaer County Tuberculosis and Public Health Association. He 
was also a Director of the National City Bank of Troy. 

In 1905 Stevens Institute of Technology conferred upon Director 
Ricketts the degree of Doctor of Engineering and in six years later 
New York University conferred the degree of Doctor of Laws upon 
him. 

Director Ricketts was a member of the American Society of Civil 
Engineers for many years, a director in 1899-1901, and a vice- 
president in 1916-1917. His connection with The American Society 
of Mechanical Engineers extended over forty-four years, and in 1932 
he was elected to Honorary Membership. Following this election 
by our Society he was also elected an honorary member of the Ameri- 
can Society of Civil Engineers. He was a commander of the Order 
of the Crown of Italy and a Commander of the Legion of Honor 
(France). He was a fellow of the American Association for the Ad- 
vancement of Science and a member of the American Philosophical 
Society. He was also a member of the American Institute of Mining 
and Metallurgical Engineers, the Institution of Civil Engineers of 
Great Britain, and Sigma Xi. 

Director Ricketts has written two histories of the Rensselaer Poly- 
technic Institute and a number of papers have been contributed by 
him to the State Commission on Railroads and on Education, to the 
technical and daily press, and to the Proceedings of technical societies. 
In all of these he was a clear and forceful writer, free from all sham 
and uncertain expressions. 

Not only was Director Ricketts a man of great foresight, adminis- 
trative ability, and perseverance but he was a most helpful leader 
under whom to work. He would listen carefully to your plans and 
suggestions and then give you the authority to carry out plans which 
he approved. He never withheld praise for good work and in many 
cases where adverse criticism might have been offered by others he 
would take the responsibility himself and assume any blame attached 
to the transaction. His faculty and his ti ustees were always ready to 
follow his lead after a decision had been reached by discussion. His 
force of character, his human interests, and his devotion to Rensselaer 
remain as a cherished memory and guiding influence for our work in 
the future. 

As was written of Wren in St. Paul’s so of Ricketts at Rensselaer 
we may write in clear letters: “If you ask for my monument look 
about you.”—ArtHur M. Greenp, 


1 Dean, School of Engineering, Princeton University, Princeton, 
N. J. Past Vice-President, A.S.M.E. 


WILLIAM ROBINSON (1876-1934) 


William Robinson, master mechanic for the Eberhard Faber Pencil 
Company, Brooklyn, N. Y., died in that city on December 31, 1934, 
after an illness of several months. He is survived by his widow, 
Elizabeth (Thomson) Robinson, whom he married in 1906, and by 
two daughters, Mrs. Helen (Robinson) Fairchild and Miss Dorothy 
T. Robinson. 

Mr. Robinson was born in Calderbank, Scotland, on March 3, 
1876, son of Andrew and Margaret (Watson) Robinson. He was 
educated in the United States, attending grammar school and evening 
high school in Brooklyn, and taking a mechanical engineering course 
through the Alexander Hamilton Institute. He then served an ap- 
prenticeship as a machinist with Ball & Jewell, Brooklyn, shortly 
afterward (in 1898) becoming a naturalized citizen of the United 
States. 

After working as a machinist for R. Hoe & Co., the Progressive 
Iron Works, Chelsea Fibre Mills, and a few small shops, he entered 
the employ of the Eberhard Faber Pencil Company in 1907. He was 
a machinist for the company for about three years and foreman for 
two and a half years prior to becoming master mechanic. He did 
much to develop the products of the company, and held patents on 
several inventions of his own, including a mechanical pencil and a 
pencil lengthener. 

Mr. Robinson became an associate-member of the A.S.M.E. in 
1915, was president of the Bayview Park Association, Port Wash- 
ington, L. I., at the time of his death, and belonged to the masonic 
fraternity. 


VERNON ROYLE (1846-1934) 


Vernon Royle, president and treasurer since 1885 of John Royle & 
Sons, machinery manufacturers of Paterson, N. J., died of pneumonia 
at his home in that city on December 17, 1934. Four distinct lines 
of industry bear the impression of his inventive and manufacturing 
ability—photo-engraving, textile and fire-hose weaving, rubber goods, 
and electrical insulation. 

Mr. Royle was born in Paterson on June 9, 1846, the eldest son of 
John Royle, Sr., of English ancestry, who founded the Royle ma- 
chinery business in Paterson in 1855. His mother was Agnes Houston 
Royle, a native of Scotland. His early education was acquired in 
the ‘‘pay schools”’ of Paterson, public schools not having been estab- 
lished there until about 1858. 

He served an apprenticeship in patternmaking with Wm. G. & J. 
Watson, machinists of Paterson, from 1864 to 1868. He then se- 
cured a position in the engravers’ joining business of Heber Wells, 
later Vanderburg & Wells, in New York, N. Y. This contact with 
the boxwood engraving trade and with the early experiments in 
photo-engraving led to his later improvements in machinery for that 
industry. 

In 1877 Mr. Royle decided to join the Paterson machine business. 
He became president when his father retired eight years later and 
under his guidance and subsisting almost wholly upon his own in- 
ventions, the Royle machine shop of the seventies grew to a modern 
manufacturing plant doing a business that was international in its 
scope, and the leader in each of its numerous lines. It remained a 
partnership until 1898, when it was incorporated under the same name 
of John Royle & Sons. Mr. Royle continued active in the manage- 
ment of the business until his death. 

In photo-engraving and related processes, Vernon Royle’s machin- 
ery for routing, lining, beveling, trimming, and blocking plates for 
the printing press has materially furthered the development of the 
world’s illustrative arts during the past fifty years. Substantially 
all commercial weaving of figured textile goods is done today through 
the medium of jacquard pattern cards made on Royle card-cutting 
machines. Woven fire hose and gasoline service station hose are 
productions of Royle circular looms. 

In the rubber industry, automobile tire treads and inner tubes ave 
made in vast quantities on Royle tubing machines. The same is 
true of miscellaneous tubing, garden hose, pencil tips, rubber heels, 
and hundreds of other articles in soft and hard rubber and celluloid. 
Royle machinery for applying rubber insulation upon electric wire 
and cable is likewise the standard process of manufacture. 

Mr. Royle was keenly interested in his community. He was sec- 
retary of the Paterson Board of Education from 1872 to 1889 and for 
several terms was a member of the board. He had been a director of 
the Hamilton Trust Company of Paterson for 25 years, was a director 
of the Cedar Lawn Cemetery Association, and a member of the local 
Taxpayers Association. He was a former member of the Passaic 
Valley Sewage Commission. 

Mr. Royle became a member of the A.S.M.E. in 1907 and also be- 
longed to the New Jersey Historical Society, the masonic fraternity, 
and the Hamilton Club, of Paterson. 
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He was married in 1872 to Miss Jeannie Malcolm, who died in 
1908. He is survived by a son, Vernon E. Royle, now president of 
the company, and by three grandchildren and two great grand- 
children. 


GEORGE NICHOLAS SAEGMULLER (1847-1934) 


George Nicholas Saegmuller, formerly a member of the firm of 
Bausch & Lomb Optical Co., Rochester, N. Y., died at his home 
in Clarendon, Va., on February 12, 1934. He was born just 87 years 
before, on February 12, 1847, at Neustadt-an-der-Aisch, Bavaria, 
the son of J. L. and Babette (Bertholdt) Saegmuller. 

After four years’ training at the polytechnic school at Nuremberg, 
Mr. Saegmuller went to England, where he was employed as drafts- 
man for four years, 1865-1869, by Cooke & Sons, York, manufac- 
turers of astronomical instruments. The following year he served in 
the German Army as a one-year volunteer and from 1870 until 
1905 was a partner in the firm of Fauth & Co., Washington, D. C., 
manufacturers of astronomical and engineering instruments. This 
firm combined with the Bausch & Lomb Optical Co. in 1905 and Mr. 
Saegmuller held the office of vice-president of the latter until he re- 
tired from business in 1925. 

In Who’s Who in Engineering for 1931 will be found the following 
statement regarding Mr. Saegmuller’s achievements: ‘‘Among 
engineers (he was) best known as the inventor of the solar attachment 
by means of which the true meridian is found by a single observation 
of the sun and which is largely used in the surveys of public lands. 
In astronomical circles he is known as the inventor of the Star Dials 
which make circles on equatorially mounted telescopes unnecessary 
and by means of which a star may be found without computing the 
hour angle; also for accurate graduations produced on automatic 
dividing engine. For the last thirty years his most important work 
was in connection with the developments of fire control instruments 
for the American navy. He, with the then Captain Samson, origi- 
nated for our navy the first telescopic gunsights, boresights, and in 
fact all fire control instruments used in our navy and most important 
of all the development of our large rangefinders which are found in 
every turret of our battleships.” 

Mr. Saegmuller became a member of the A.S.M.E. in 1911. He 
also belonged to The Franklin Institute, the American Association 
for the Advancement of Science, and several clubs. 

Mr. Saegmuller married Maria J. Vandenbergh, in Washington, 
D. C., in 1874, and is survived by her and by their three sons, J. L., 
Fred B., and George M. Saegmuller. 


EDWIN JOEL SANDERSON (1877-1934) 


Edwin Joel Sanderson, manager of the A. C. Ramsey Co., an in- 
surance firm of Terrell, Texas, since 1934, die in Dallas, Texas, on 
December 27, 1934. He was born at New Vienna, Ohio, on 
February 18, 1877, the son of Francis Wyatt and Frances B. (West) 
Sanderson. After a year at the Ohio State University he en- 
tered the employ of James Leffel and Company, Springfield, Ohio, 
manufacturers of water wheel turbines. He remained with this 
company until 1931, working as draftsman for five years, the latter 
part of the time in charge of the department, then eight years in 
the engineering department, four years as sales engineer, twelve as 
sales manager, and the remainder of the time as general manager of 
the turbine department. He was manager of the Clark Screw Ma- 
chine Company, Springfield, for a short time before going to Texas. 

Mr. Sanderson became a member of the A.S.M.E. in 1930. He had 
been secretary-treasurer of the Terrell Building and Loan Associa- 
tion since 1932, had served as a director of the Rotary Club in both 
Springfield and Terrell and was chairman of the club’s Crippled 
Children’s Committee. He was a 33d degree Mason and had been 
a director of the Chamber of Commerce in Springfield and Terrell. 
He is survived by his widow, Carrie D. (Van Loan) Sanderson, whom 
he married in 1932. 


NORMAN ROBERT SEIDLE (1877-1934) 


Norman Robert Seidle, whose death occurred in Chicago, III., on 
May 14, 1934, was born in Lebanon, Pa., on January 25, 1877, the 
son of Christian and Jane (Mull) Seidle. He studied at Franklin and 
Marshall College for two years and at Swarthmore College for one 
year, then entered the employ of the Standard Boiler Works at Leba- 
non. With the exception of about a year (1900-1901) spent with the 
North Penn Iron Company, Philadelphia, he was connected with the 
Standard Boiler Works until 1904, rising to the position of superin- 
tendent and assistant manager, in charge of steel-plate construction. 

From 1904 to 1919 Mr. Seidle was manager of the Plate Construc- 
tion Department of Joseph T. Ryerson & Son, Chicago. He had 


charge of the design and manufacture of boiler specialties, and of 
steel pipe lines for hydroelectric developments and water supply, as 
well as of general plate construction and erection and pressed steel 
work. 

After leaving the Ryerson company Mr. Seidle spent three years 
as general manager of James G. Heggie & Sons Co., Joliet, IIl.; 
about a year in the same capacity with the General Boiler Company, 
Waukegan, IIl.; a similar period as manage<¢ of the boiler department 
of the Harrisburg (Pa.) Manufacturing & Boiler Co.; seven years as 
treasurer and general manager of the McAleenan Bros. Co., and vice- 
president of its successor, the McAleenan Corporation, Pittsburgh, 
Pa.; and two years as vice-president and general manager of the 
Youngstown Boiler & Tank Co. In December, 1933, he became execu- 
tive director of the National Steel Tank Association and secretary- 
treasurer of the Code Authority of the metal tank industry, the posi- 
tion he held at the time of his death. 

During the World War Mr. Seidle was a civilian member of the 
Procurement Division of the United States Army, and a ‘Minute 
Man.”’ He became an associate of the A.S.M.E. in 1917, was a past- 
secretary of the Joliet Rotary Club, and belonged to the Delta Tau 
Delta fraternity and the Odd Fellows. He was deeply interested in 
religion and for many years had served as a vestryman in the Episco- 
pal Church. 

Mr. Seidle is survived by two sons, N. Robert and Charles A. 
Seidle. His wife, Florence (Wedekind) Seidle, whom he married in 
1905, died in 1926. 


GEORGE HOTCHKISS SMITH (1851-1934) 


George Hotchkiss Smith, whose death occurred in Providence, 
R. I., on June 7, 1934, had been a member of the A.S.M.E. since 1881. 
The fifty-year medal of the Society was presented to him in 1931. 

Mr. Smith was born in New Britain, Conn., on December 22, 1851. 
He supplemented his public schooling with study at Cooper Union, 
New York, and served an apprenticeship in the machine shop of 
Smith & Garvin, at Bricksburg (now Lakewood), N. Y. In 1878 
he went to Providence, to work as a draftsman for the Brown & 
Sharpe Manufacturing Cc. He was made chief draftsman the fol- 
lowing year, and remained in that position until 1885, when he 
entered business with Elmer A. Beaman under the firm name of 
the Beaman & Smith Co. He retired from business about the year 
1915 because of ill health. 

Mr. Smith was a past-president of the Providence Engineering 
Society and a member of the masonic fraternity. He is survived by 
a son, Walter J. B. Smith, of Providence. His wife, Louise J. 
(Luther) Smith, whom he married in 1882, died in 1916. 


NATHANIEL AUSTIN SMITHWICK (1864-1934) 


Nathaniel Austin Smithwick died on July 6, 1934, at his summer 
home, Waites Landing, Falmouth Foreside, near Portland, Maine. 
He had made his home in Maine since his retirement in 1912. 

Mr. Smithwick was born at Damariscotta, Me., on March 25, 
1864, the son of Captain Frank and Caroline (Austin) Smithwick, 
and as a boy he sailed with his father to many ports. He attended 
Lincoln Academy, Newcastle, Me., and Phillips Exeter Academy, 
Exeter, N. H., spent six months as an apprentice machinist with 
Barrett Bros., Boston, and was graduated from Worcester Polytechnic 
Institute, with a B.S. degree, in 1886. 

After his graduation Mr. Smithwick spent a year as machinist at 
the Thomson-Houston Electric Company, at Lynn, Mass., and two 
years as draftsman for Erastue Woodward, mechanical engineer of 
Boston. The remainder of his engineering work was done for the 
Goulds Manufacturing Company, of Seneca Falls, N. Y. He was 
draftsman for five years, manager of the designing and experimental 
department for eleven years, and after that chief engineer of the com- 
pany. He was largely instrumental in introducing triplex power 
pumps into mining, oil refining, water works, and other fields. He 
took part in a series of efficiency tests of motor-driven triplex pumps 
during his early days with the company, and later designed and super- 
vised the installation, at Austin, Texas, of the first electrically oper- 
ated water works pumping plant in the United States. In 1910 he 
went to South Africa to further the use of electric power pumps in 
mining operations. He held patents for governor valves for auto- 
matic pumps and for an improvement in vertical suction pumps. 

Mr. Smithwick became a member of the A.S.M.E. in 1916 and 
was always keenly interested in scientific and engineering develop- 
ments. Yachting and yacht designing were naturally of special 
interest to him, in view of his early trips with his father. 

Surviving Mr. Smithwick are his widow, Mabel (Kenney) Smith- 
wick, whom he married in 1901, and their only son, Austin K. Smith- 
wick. 
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THOMAS WADE STONE (1877-1933) 


Thomas Wade Stone, vice-president and general manager of The 
Western Gas Construction Company, Ft. Wayne, Ind., died on Sep- 
tember 28, 1933, at the Methodist Hospital in that city, a few hours 
after suffering a stroke of apoplexy. 

Mr. Stone was born on October 4, 1877, at New Corydon, Ind., a 
son of Dr. Michael and Mary (Elzey) Stone. The family moved to 
New Bremen, Ohio, when he was a small child and he attended public 
schools there and was graduated from the New Bremen High School 
in 1894. He then taught school for two years at Kettlersville, Ohio, 
a small town near New Bremen, and for one year at New Bremen. 
He attended Armour Institute at Chicago for a year and then entered 
Ohio State University at Columbus, from which he was graduated 
in 1902 with a degree in mechanical engineering. He won honors in 
mathematics and was elected to membership in Sigma Xi, honorary 
scientific fraternity. 

Following his graduation from the university Mr. Stone went to 
Fort Wayne to become draftsman for The Western Gas Construction 
Company. He was advanced to the position of chief draftsman the 
following year, became chief engineer in 1916, and was made vice- 
president of the firm in 1928. In 1931 he also became general man- 
ager of the plant. Patent office records dating back to 1914 show 
the result of Mr. Stone’s inventive ability in the gas manufacturing 
industry. The inventions credited to him include various mecha- 
nisms for use in the manufacture of gas, purifying devices, and other 
apparatus for the industry. 

Mr. Stone became a junior member of the A.S.M.E. in 1903 and a 
member in 1916. He also belonged to the American, Canadian, and 
Indiana Gas Associations and to a number of clubs in Ft. Wayne, in 
many of whose civic activities he was actively interested. He be- 
longed to several of the higher orders in the masonic fraternity. 
During the World War he aided in the manufacture of phenol at 
the plant of The Western Gas Construction Company for use in mak- 
ing explosives. He participated in numerous drives for the sale of 
Liberty Loan bonds, raising money for the Red Cross, and other war 
activities. 

Mr. Stone was married to Miss Dorothy M. Greiwe, of New 
Bremen, in 1905, and is survived by her and by two sisters. 


EDWIN STRUCKMANN (1872-1934) 


Edwin Struckmann, since 1928 connected with the Lone Star 
Portland Cement Company of Kansas, died in Kansas City, Mo., 
on March 15, 1934. He was born at Aalborg, Denmark, on April 24, 
1872, the son of a Danish sea captain. He served a four-year ap- 
prenticeship at the Nielsen & Winther Tool & Machinery Co., Copen- 
hagen, and worked for some months as a mechanic at Kofoed & 
Hauberg’s Machine Co. in that city. He also passed examinations 
for engineering service in the Danish Mercantile Marine and was a 
reserve assistant engineer in the Danish Royal Navy for about seven 
months. 

His desire to become a navigating officer, however, was not to be 
fulfilled. On the return from a trip before the mast to South America 
his eyesight proved defective. He turned to engineering with the 
hope of becoming a ship’s engineer, but after his graduation in 1896 
from the Technical Institute in Copenhagen, he became interested 
in brick plants, and entered the employ of F. L. Smidth & Co., of 
Copenhagen. He was connected with this company for ten years, 
working in various capacities from draftsman to engineer in charge 
of construction and operation of brick and cement plants. One of 
his assignments was the construction of a brick plant in the northern 
part of Sweden, where the region was so desolate that a railroad and 
town had to be built before work on the plant itself could be started. 
Later he was sent to Russia to reconstruct and operate a brick plant 
and was there during the Russo-Japanese War, suffering many of the 
hardships of the times. A daughter, born to Mr. and Mrs. Struck- 
mann in Sweden, died while they were in Russia. His final assign- 
ment with the company was the construction of a plant for the Cana- 
dian Portland Cement Company at Port Colborne, Ontario, Canada. 

Since 1907 Mr. Struckmann had been connected with a number of 
portland cement companies in the United States. For something 
over three years he was superintendent of the Kansas City Portland 
Cement Company’s plant and from then until the fall of 1911 held a 
similar position with the Continental Portland Cement Company 
of St. Louis, Mo. He then went to Des Moines, Iowa, where he was 
superintendent of the Iowa Portland Cement Company’s plant until 
1920 and then was connected with the Pyramid Portland Cement 
Company, first as vice-president and general manager, and from 1922 
to 1925 as president and general manager. 

From 1925 to 1929 he was employed by the Knickerbocker Port- 
land Cement Company, Hudson, N. Y., first as superintendent, then 


as general superintendent. In 1929 he became general superinten- 
dent of the Western Division of the Lone Star Cement Company of 
Kansas, at Kansas City, Mo. At the time of his death he was 
stationed at Bonner Springs, Kan. 

Mr. Struckmann became a member of the A.S.M.E. in 1913, and 
belonged also to the American Society of Danish Engineers. He is 
survived by his widow, Marie V. (Olsen) Struckmann, whom he 
married in 1900, and by a son, Holger Struckmann, as well as by a 
sister, Mrs. Holden Knudsen, of Copenhagen, Denmark. 


CHARLES ANTHONY SUPIOT (1906-1933) 


Charles Anthony Supiot, mechanical engineer for Hires, Castner 
& Harris, Inc., Philadelphia, Pa., died of pneumonia on May 21, 
1933. 

Mt. Supiot was born at Westtown, Pa., on October 6, 1906, the 
son of Charles Aime and Cecilia Supiot. He was graduated from the 
University of Pennsylvania in 1929 with a B.S. degree in mechanical 
engineering. He had been connected with Hires, Castner & Harris, 
Inc., since his graduation, beginning as a draftsman and subsequently 
becoming mechanical engineer for the company. 

Mr. Supiot was a member of the A.S.M.E. Student Branch at the 
University of Pennsylvania and became a junior member of the 
Society upon graduation. He is survived by his mother; his father 
died in November, 1933. 


CARROLL D. THOMAS (1863-1934) 


Carroll D. Thomas, for nearly fifteen years chief boiler inspector 
for the State of Oregon, died at St. Vincent’s Hospital in Portland, 
Ore., on December 24, 1934. He was born on November 13, 1863, 
at Hollansburg, Ohio, where he spent his early life. He attended the 
Central Normal College at Danville, Ind., for two years, and taught 
school and was principal of public schools in Ohio and Indiana for a 
number of years. He went to Oregon in 1884 and taught school in 
that state the following two years. He joined the gold rush to 
Alaska during 1887 and became operating engineer for the Tread- 
well Gold Mining Company, of Juneau. He returned to the States 
in 1888, engaging in mining operations in Colorado. In 1890 he went 
to Unionville, Mont., where he worked for a year on erection for the 
McCann Gold Mining Company, and from then through 1893 as de- 
signing, erecting, and operating engineer for the Whitlatch Union 
Gold Mining Company. For ten years beginning in 1894 he was en- 
gaged in erection work in Colorado mines, part of the time in the 
Cripple Creek district and from 1898 on as chief operating engineer 
of the Portland Gold Mining Company at Victor, Colo. 

Mr. Thomas entered the power field in 1905 as operating engineer 
for the Pacific Power & Light Co. at Astoria, Ore. Two years later 
he became boiler inspector for the Hartford (Conn.) Steam Boiler 
Inspection and Insurance Company, in the Portland, Oregon, dis- 
trict. He continued in this position until he became state boiler 
inspector in 1921. 

Mr. Thomas became an associate-member of the A.S.M.E. in 
1925, and was a member of the Conference Committee to the Boiler 
Code Committee of the Society. He had served as chairman of the 
National Board of Boiler and Pressure Vessel Inspectors and as tech- 
nical adviser to the Industrial Accident Commission of the State of 
Oregon. 

Surviving Mr. Thomas are his widow, Mrs. Beatrice Thomas, of 
Salem, and a son, Carl F. Thomas, of Portland, as well as three 
brothers and two grandchildren. 


OSKAR VON MILLER (1855-1934) 


Oskar von Miller, pioneer in electrical generation and distribution 
in Germany, founder of the world-famous Deutsches Museum, Mun- 
ich, and honorary member of the A.S.M.E., died in Munich on April 
9, 1934. His long and honorable career was closely identified in 
Germany with the growth of the electrical industry which has wrought 
far-reaching changes in industrial and domestic life and in western 
culture. He labored with vision, intelligence, and energy, keenly 
conscious of these changes and astute enough to realize the necessity 
of impressing upon the youth of Germany the significance of the 
powerful technological influences that determine the environment in 
which their lives are lived. 

Oskar von Miller was born at Munich, May 7, 1855, the tenth son 
in a family of fourteen children. His grandfather had been director 
in the Academy of Art in Munich, and his father, Ferdinand von 
Miller, the head of a bronze foundry, was an artizan of considerable 
ability and won government awards for his statues. His mother, 
Anna von Pésl, the daughter of a family of high social and govern- 
mental standing, whose marriage with Ferdinand von Miller was 
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contrary to the wishes of her parents, found time, in spite of the large 
family, to keep the books for the foundry. 

The children were strictly brought up and encouraged in self-sup- 
port at an early age. Oskar von Miller attended the Technische 
Hochschule at Munich, and, after having been graduated from it at 
the head of his class, entered the civil service, holding several trans- 
portation posts during the next few years. Among his early engineer- 
ing tasks was the building of a bridge over the River Main in the 
winter of 1879 when the weather was so cold that no one else could 
be found to do the work. 

But von Miller’s major engineering interest, that of the electrical 
industry, began in 1881 when he asked for and received a furlough 
and journeyed to Paris to see the First Electrical Exposition. Here 
he became intensely interested in electricity and its applications with 
the result that he organized an electrical exhibit in Munich in 1882, 
at which the French engineer, Deprez, successfully transmitted di- 
rect current from Miesbach to the Glaspalast in Munich, a distance 
of 57 km. 

Following the successful Munich exhibit, von Miller was sent 
abroad to France, England, and America to study the technology of 
the infant electrical industries. It was on this journey that he met 
Edison for the first time, and while in Vienna, after his return home, 
he was invited by Emil Rathenau to join in the introduction of Mr. 
Edison's electric lighting plants in Germany. He refused this un- 
expected and flattering offer because of his desire to spend his talents 
and energy in the service of the Bavarian state. He envisioned the 
development of the water-power resources of Bavaria, but his superior 
considered the plans premature. Perhaps it was the spirit of the 
times, combined with his own enthusiasm and the experiences of his 
travels that inspired young von Miller in the vision he was to live to 
see a reality many years later. The young German empire, politi- 
cally powerful after the crushing defeats of Austria and France, and 
guided by the forceful Bismark, was emerging from an agricultural 
into an industrial nation of first rank, rich in resources of materials 
and human energy, and possessed of the scientific spirit which pro- 
vides the basis for technological growth. Progress and technological 
development were in the air. 

In Berlin, Emil Rathenau had formed the German Edison Com- 
pany, now known as the A.E.G., and in 1883 von Miller joined him 
as a director of the company. By 1884 they had opened the first 
central station in Berlin. Here the boilers were set above the engine 
room where Edison bipolar dynamos were driven by belt, three to 
every engine. For the next five years they were busy developing 
electrical power plants throughout Germany. 

Yielding to his desire to return to his native Munich, von Miller 
left the A.E.G. in 1889. Life was not easy, but the director of the 
Portland Cement Works at Lauffen sought him out with a proposition 
to supply the city of Heilbronn with power from Lauffen. This 
he accomplished, completing the work just prior to the electrical 
exposition at Frankfurt, in 1891, of which he became the president. 

While power had been transmitted at the Munich exposition, elec- 
trical generation was there the major interest. Electrical transmis- 
sion over considerable distances appealed to von Miller and the idea 
of transmitting electricity from his Lauffen plant to Frankfurt seemed 
worth trying. Consultation with Charles E. L. Brown convinced 
him that an alternating current could be so transmitted, as indeed it 
was, at 25,000 volts over a three-phase system 178 km in length. 
Of the 234 horsepower at Lauffen, 181 reached Frankfurt, a loss of 
only 22.6 per cent. In the same year, at Kassel, von Miller installed 
the first alternating-direct-current system, in which electricity was 
transmitted as alternating current and converted to direct current 
for use. 

Following the Frankfurt exhibition, von Miller was firmly estab- 
lished as an electrical engineer and his genius was providing electric 
lighting and power plants throughout Germany. Space will not 
permit even a list of these projects. His interests spread to railway 
electrification and to the use of electricity in the chemical industry 
and for cooking and domestic appliances. In 1911 there were initi- 
ated the plans for the comprehensive hydroelectric power develop- 
ment of Bavaria, totaling 600,000 kva and comprising the famous 
168,000-hp project at Walchensee, opened in 1924, with its 1000 km, 
100,000-volt transmission system, and a yearly output of 180 million 
kilowatthours. Thus came to fruition the dream of his young man- 
hood. In 1930, an extensive plan for the electrification of all of 
Germany engaged his attention. 

But important as these engineering achievements of von Miller 
proved to be, he is best known throughout Germany and the world 
at large for the Deutsches Museum in Munich. His interest in the 
museum idea is said to have originated in a visit to Kensington Mu- 
seum in 1878 when he saw the famous ‘Puffing Billy,” built by Wil- 
liam Hedley in 1813, and Stephenson’s ‘‘Rocket.” Lying fallow in 

his mind for a quarter of a century, the idea of a museum for his 
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native city in which laymen and young people could see the industrial 
foundations on which our present civilization is based was presented 
by him to a group of government representatives, fellow citizens, 
scholars, and technologists in 1903, and he became the founder, 
president, and director of the institution. To this project he gave the 
best of his energy and enthusiasm and drove it through to an amaz- 
ingly popular success in spite of tremendous difficulties. 

When it outgrew its original quarters a few years after its opening, 
the city of Munich provided a commanding site for new buildings on 
a beautifully located island in the River Isar. Here, in 1925, after 
the long delay of the War, the present museum was opened to the 
public. Thousands of visitors to Munich pass through its 400 sep- 
arate rooms and halls and from a city of 700,000, more than a million 
pass every year along the nine miles of its exhibits. It has provided 
inspiration for the founding of similar museums in this country. 
Space will not permit an estimate of what this great contribution 
means to the world’s understanding of the conditions under which 
men live and how technology is constantly undergoing development. 

Mrs. von Miller, whose death in the fall of 1933 broke a family 
group unusual in its solidarity, was Marie Seitz, the daughter of 
Franz Seitz, a professor at the University of Munich. Of her mar- 
riage to Dr. von Miller in 1884 seven children were born, three sons 
and four daughters, two of whom died at an early age. The family 
was accustomed to meet for a day or an evening together every two 
weeks, and each year gathered for a religious service at the little 
church in Neuhausen where Dr. and Mrs. von Miller were married. 

Von Miller possessed to a rare degree human qualities that en- 
deared him to every one. His tireless energy permitted him to ac- 
complish great deeds and his infectious enthusiasm carried others 
along with him in the pursuit of his objectives. Breadth of vision 
provided these objectives in heroic measure, and a keen sense of his 
obligation to his country and its culture led him to give his services 
to such projects of social significance as the electrical exhibitions of 
his early manhood and the museum and the electrical development of 
Bavaria which occupied his later years. When the great von Miller 
saw a need, he did not stop until he had satisfied it, true to his family 
motto, “If I rest, I rust.”’ 


JOSEPH ADDISON WADDELL, JR. (1877-1934) 


Joseph Addison Waddell, Jr., western district manager of the Spen- 
cer Heater Company, a subsidiary of the Cord Corporation, with 
offices in Chicago, Ill., died suddenly of coronary thrombosis on 
April 28, 1934, while in St. Louis, Mo. 

The son of Legh Richmond Waddell and nephew of Senator 
Joseph Addison Waddell, of Virginia, he was born at Staunton, Va., 
on November 5, 1877. He received a B.S. degree in mechanical 
engineering in 1900 and M.E. degree two years later from Virginia 
Polytechnic Institute. While working for his Master’s degree he 
taught mathematics and experimental engineering at the Institute, 
and during the next year was employed in the erecting and layout 
department of the Deane Steam Pump Company, Holyoke, Mass. 

Mr. Waddell first became associated with the Spencer Heater Com- 
pany, then located in Scranton, Pa., in 1903 as engineer in charge of 
sales and mechanical engineering. Two years later he was made 
general superintendent and in 1913 works manager, with entire 
charge of production. He held this post until 1917, when he was 
released to serve in the Production Division of the Emergency Fleet 
Corporation, United States Shipping Board. He had charge of the 
Boiler Section and was responsible for the allocation of material to 
the various manufacturing companies throughout the United States 
which were building boilers for the Corporation. After the armistice 
he adjusted contracts and claims arising from cancelations of orders, 
remaining with the Corporation until the end of 1919. 

During the next four years Mr. Waddell was connected with Morris 
and Company, of Chicago, as manager of its Phosphate Mining De- 
partment at Bartow, Fla. He directed the construction of a hy- 
draulic plant, including the power plant, washing and separating 
plants, and drying and storage plants, repair shop, and other build- 
ings, and installed the machinery and other equipment. After the 
completion of the plant he directed the operation of the mine and the 
production of pebble phosphate rock until the company was pur- 
chased by Armour and Company, Chicago. A model of the Bartow 
phosphate mine has been placed in the Smithsonian Institution in 
Washington, D. C. 

From then until 1927 he was not engaged in engineering work, and 
in 1924 he resigned his membership in the A.S.M.E., which he had 
held since 1913. He applied for reinstatement in 1930. 

When Mr. Waddell again took up engineering duties in 1927 it was 
with the Spencer Heater Company, located at Williamsport, Pa., in 
the capacity of chief engineer. He held patents on Spencer heaters 
dating back to as early as 1910 and after his return to the company 
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developed the present line of products and was granted patents in 
both the United States and Canada on magazine stoking boilers for 
heating purposes. Since 1933 he had been stationed at Chicago as 
western district manager, but had also continued as chief engineer 
of the company. 

Surviving Mr. Waddell are his widow; a daughter, Martha; and 
a son, Joseph Addison Waddell, 3rd, also with the Spencer Heater 
Company. 


VINCENT L. WALTERS (1868-1934) 


Vincent L. Walters, who became an associate-member of the 
A.S.M.E. in 1920, died on April 30, 1934. He was born at Bilston, 
England, on February 6, 1868, and was educated in that country. 
His father was master mechanic in a large steel mill and the son trained 
for erecting and mill work. He had not worked long in England, 
however, when his brother, in the United States, advised him to come 
to this country. He wished for a position as draftsman, but there 
were so many applicants for such work in New York that for a number 
of years he found erecting and mill work offered better pay. 

Later, however, he obtained work in which he was more interested 
as designer and experimentalist for the Ideal Cash Register Company, 
Bound Brook, N. J. He was connected with this company until 
1901, designing, among other things, a spring winding machine and 
special dies, and having charge of the tool and gage room. 

From 1901 to 1912 Mr. Walters was employed by the Weston Elec- 
trical Instrument Company, Newark, N. J. He designed intricate 
mechanisms for a variety of instruments and machines and for three 
years was in charge of the tool department of the company. 

After a few months in 1912 and 1913 as experimentalist and model 
maker for Sloan and Chase, Newark, Mr. Walters went to Orange, 
N. J., for the manufacture of the Monroe calculating machine, on the 
experimental stages of which he had been working for some time. 
He designed all the tools necessary for its manufacture and was assis- 
tant superintendent of the Monroe Calculating Machine Company 
for four years. 

Mr. Walters next spent several months with the Mehl Machine 
Tool & Die Co., Roselle, N. J., then became superintendent of A. 
Rimelspacher & Co., designing a special thread rolling machine and 
directing the manufacture of machinery and tools. In the summer of 
1917 his aid was solicited by Joseph Gough, of Newark, and during 
the following winter he worked on the perfection of a universal joint 
gage for a Government assignment. Subsequently he became fore- 
man for Jackson Waddell, Newark, where he remained until the 
latter part of 1919. He then became general foreman for the Pierce 
Accounting Machine Company, Inc., New York, for whom he carried 
on experimental as well as manufacturing work until 1924. 


FRANK ROSE WHEELER (1878-1934) 


Frank Rose Wheeler, a specialist in condensing equipment, died of 
a cerebral hemorrhage at his home in Chicago, Ill., on March 1, 
1934. 

Mr. Wheeler was born at Wheeler, N. Y., on April 1, 1878, a son 
of Don D. and Mary (Rose) Wheeler. He was graduated from high 
school in Tacoma, Wash., and subsequently was a special student at 
Leland Stanford Jr. University in 1898 and 1899 and from 1901 to 
1903. During these years he a!so worked as a draftsman for the 
City of Tacoma and the Northern Pacific Railway, and following his 
graduation, for C. C. Moore & Co., of Los Angeles and San Francisco, 
and as engineer and vice-president of the Tracy Engineering Com- 
pany, Los Angeles, working upon the design of power plants. 

In 1904 Mr. Wheeler became Pacific Coast manager for the C. H. 
Wheeler Mfg. Co., of Philadelphia, in charge of the sale of condens- 
ing apparatus. He took over the Chicago district in 1916 and re- 
mained with the company until 1929, when he became manager of 
the Condenser Heater Department of the Elliott Company, Jean- 
nette, Pa. He spent three years in this position, and during the 
remainder of his life was connected with the Utilities Power & Light 
Co. in Chicago. 

Mr. Wheeler became a member of the A.S.M.E. in 1909 arid also 
belonged to the Western Society of Engineers, the Beta Theta Pi 
fraternity, and to several clubs in Chicago and San Francisco. He 
was a contributor to the technical press. 

Mr. Wheeler is survived by his widow, Blanche (Harper) Wheeler, 
whom he married in Pittsburgh in 1912. 


GEORGE E. WHIPPLE (1890-1934) 


George E. Whipple, solicitor for United Drydocks, Inc., New York, 
N. Y., died of a heart attack at his home in Teaneck, N. J., on May 
3, 1934. He was born in Brooklyn, N. Y., on January 3, 1890, son 
of George E. and Nellie T. (Doody) Whipple. He attended public 
schools in Brooklyn and studied art in New York. The most of his 


engineering experience was with Theo. A. Crane’s Sons Co., of Brook- 
lyn, with which he became associated in 1917. From then until 1928 
he was located in the New York office of the company, as draftsman 
and designer, and assistant executive. He was also assistant super- 
intendent of the shipyard, supervising all repairs on boilers, engines, 
and hulls. He became solicitor for ship repairs for the company in 
1929 and the following year took the position of solicitor with United 
Drydocks, Inc. He was a licensed ship engineer, first class. 

Mr. Whipple became an associate-member of the A.S.M.E. in 1927. 
He was a 32d degree Mason and belonged to the Sons of the American 
Revolution, Odd Fellows, and Rosicrucians. He was a deputy war- 
den of the New Jersey Fish and Game Commission. In addition 
painting in oils and sketching in pen and ink, he was interested in 
photography and in floral horticulture. 

Mr. Whipple is survived by his widow, Marie B. (Arden) Whipple, 
whom he married in 1920. 


WILLIAM HIGH WILLISTON (1879-1934) 


William High Williston was born on October 10, 1879, at Somer- 
ville, Mass., where he secured his grammar and high-school education. 
He was graduated from the Massachusetts Institute of Technology 
in 1902 with a B.S. degree, and was employed continuously from 
December of that year until his death on June 7, 1934, by Manning, 
Maxwell & Moore, Inc. He spent his early years with the company 
in drafting and designing at the Hancock Inspirator Company and 
Hayden & Derby Manufacturing Co., rising to the position of chief 
designer. He became mechanical assistant to the vice-president of 
the parent company in 1913 and was made assistant works manager 
of the Boston plant three years later. Subsequently he was promoted 
to the position of works manager of that plant, then railroad sales 
manager. He was appointed vice-president in charge of railroad 
sales in 1927, and at the time of his death was director and vice- 
president in charge of railroad sales of the subsidiary company, 
Consolidated Ashcroft Hancock Co., Inc., as well as works manager 
of the Boston plant. 

Mr. Williston became a member of the A.S.M.E. in 1925. He was 
an enthusiastic philatelist. He is survived by his widow, a son and 
a daughter, and his father, Belvin T. Williston. 


WALTER WOOD (1849-1934) 


Walter Wood, of R. D. Wood & Co., Philadelphia, Pa., manu- 
facturers of cast-iron water and gas pipe, died on April 20, 1934, in 
Washington, D. C., while there on a business trip. He was born in 
Philadelphia on December 6, 1849, a son of Julianna (Randolph) 
Wood and of Richard Davis Wood, who was a partner in the firm 
of R. D. Wood & Co., and one of the organizers of the Pennsylvania 
Railroad. 

Mr. Wood was graduated from Haverford College in 1867 with the 
degree of Bachelor of Arts and took post-graduate work at Harvard 
University, securing his A.B. degree there in 1868. He then began 
work in the office of his father, becoming managing partner when his 
father died in 1869. He was also president of the Florence (N. J.) 
Pipe Foundry & Machine Co., owner of The Millville (N. J.) Daily 
Republican, and treasurer of the Cumberland County Gas Company, 
the Millville Electric Light Company, the Millville Water Company, 
and the High Pressure Supply Company. 

Mr. Wood also interested himself in civic affairs. He became a 
member of the Committee of One Hundred (Philadelphia) in 1880, 
and served for four years with this group, which investigated and 
attempted to improve local governmental conditions. From 1887 
to 1895 he served as a Civil Service examiner and was a trustee of 
Haverford College. In recent years he had been an active proponent 
of the plan to build a ship canal across New Jersey, linking the 
Delaware River at Bordentown with Raritan Bay. He advocated 
the project before the House Rivers and Harbors Committee a few 
weeks prior to his death. 

Mr. Wood became an associate of the A.S.M.k. in 1880 and a 
member ten years later. He was one of the organizers and charter 
members of the American Foundrymen’s Association and a member 
of the American Institute of Mining and Metallurgical Engineers, 
American Society for Testing Materials, American Waterworks Asso- 
ciation, and of a number of clubs in Philadelphia, New York, Wash- 
ington, D. C., and Boston. He was a director of the Philadelphia 
Bourse and of the Burlington City Loan & Trust Co. He was un- 
married and is survived by six nieces, and by two nephews, Richard 
and Grahame Wood, all of Philadelphia. 


EDMUND WILHELM ZEH (1867-1934) 


Edmund Wilhelm Zeh, president of the Zeh & Hahnemann Co., 
Newark, N. J., manufacturers of presses, dies, and automatic machin- 
ery for working sheet metals, died on March 17, 1934. 
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Mr. Zeh was a native of Germany, having been born at Frankfort- 
on-Main on September 12, 1867, the son of Carl Wilhelm and Cath- 
arina (Emmel) Zeh. At the age of 16 he entered the shops of Collet 
& Engelharu, at Offenbach-on-Main and after two years there spent 
four more in securing drafting-room practice with the company. He 
then entered the technical high school at Darmstadt, from which he 
was graduated in 1891 with an M.E. degree. He returned to the 
employ of Collet & Engelhard as a constructor and continued in that 
work until 1893. 

Mr. Zeh came to the United States in 1893 to see the World’s 
Fair at Chicago and remained to work as a designer for the Niagara 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Machine & Tool Works, in Buffalo, N. Y. He was made superin- 
tendent of the works the following year, and held that position until 
1904, when he helped to found the Zeh & Hahnemann Co. He held 
patents on percussion power presses, details for double crank presses, 
double action presses, stacking devices, guards, button machinery, 
and can body machinery. 

Mr. Zeh became a member of the A.S.M.E. in 1915. He was presi- 
dent of the Newark Technical Society and a member of the Verein 
deutscher Ingenieure. He is survived by his widow, Anna M. 
(Mantz) Zeh, whom he married in 1889, and by one son, now pres- 
dent of the Zeh & Hahnemann Co. 


| 
Aw 
| 
| 
| 
j 
“aa 
ERS 
> 
‘ 
he 
ate 
~ 
| 
Vek: 
ad 


New Pioneers on a New Frontier 


By RALPH E. FLANDERS 


HE greatest fact in American history has been the existence 
of the frontier. 

For centuries the centers of industry, commerce, and settled 
agriculture lay in the East, expanding decade by decade in a 
westward progress that was uninterrupted and successful. The 
border line of that movement was held by the pioneers. Before 
them lay the unknown regions which the imagination pictured 
as teeming with wealth of forest, mine, and soil. Behind them 
came the settlers, who found and developed the underlying 
realities of the pioneer’s dream. 

This physical, geographical frontier for many generations 
served our nation in three important ways; it gave unlimited 
opportunity to youth, it furnished a seemingly boundless field 
for the profitable investment of capital, and it generated a 
favorable psychology throughout the whole structure of American 
society. 

The opportunity for youth was a visible actuality at so recent 
a date as to be remembered by many in this gathering tonight. 
In the eastern farming regions the process was almost automatic. 
With the large families of a generation or two ago it was obviously 
impossible for all to gain a good living on the restricted home 
acres. ‘The boys in due time moved outward, some to the cities 
(themselves growing with the growing commerce to and from 
the frontier) and others directly to the virgin soil and forest of 
the newly opened lands, where they could find the opportunity 
and the room to make new lives for themselves on a more ample 
scale. 

But so widespreading and rich was the western domain that 
the expanding population of the eastern seaboard was insufficient 
to occupy and develop its resources. Their numbers were swelled 
by the millions from the crowded countries of Europe who 
descried the opportunities from afar, swarmed into the trans- 
atlantic shipping, and crowded the immigrant trains into our 
virgin territory. ‘The numbers of these immigrants were num- 
bered by the millions and tens of millions. Our own population 
growth did not suffice. There was room for all. 

Money was needed as well as men. There were farms to be 
equipped, mines to be opened, roads and railroads to be built, 
cities to be erected. For generations the savings of the settled 
East poured across the Alleghanies, across the Mississippi, across 
the Continental Divide, and found profitable investment in these 
new and rich territories. Fortunes were lost, but more fortunes 
were made. There was never a word of “overproduction” or 
“overinvestment.”” The thought was so ridiculous that the 
words were unneeded and uninvented. 

As with men, so with money. The savings of the East were 
inadequate to the needs and opportunities of the West. In 
consequence, millions of dollars came pouring out of the coffers 
of Europe to finance the settlement of western America, and the 
expansion of eastern commerce and industry which western 
development demanded. The millions grew into billions before 
the demand was satisfied and the stream slacked its flow. 

All of this produced a national psychology of a fortunate sort. 
We were convinced that the future held more for us than the 
present and the past. We were willing to risk time and money 
in productive enterprise. The future, we were sure, would not 
betray us—nor did it. Even as our physical surrounding made 
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our psychology, so our psychology made our future. The 
process was natural, healthful, and fortunate beyond all ac- 
counting. 

But—the frontier is gone! 

No doubt we will continue, now and then, to find new oil 
fields. New areas of fertile soil will be irrigated and added to 
our inheritance of arable land. New mineral deposits will be 
found and exploited. All this will go on continuously for many 
years, yet the total effect will be small. It will not constitute 
the outstanding, controlling fact of our nation’s history, as it did 
for nearly three hundred years. Sometime in the period since 
the turn of the century—not on any given day or in any given 
year—the physical frontier in the grand sense disappeared and 
disappeared forever. . 

This was the greatest event of our times. If we are looking 
for some effective cause for the evils which have been afflicting 
us, why look further? We build up our false or inadequate 
theories of “overproduction” when we have uever had a decent 
general standard of living in this country; of “technological 
unemployment” when on technology alone can we found our 
hopes for the higher standards of the future; of ‘“overinvest- 
ment’”’ when an adequate provision of goods and services to the 
mass of our fellow citizens requires larger and more efficient 
productive facilities than we have ever dreamed of. All of 
these explanations and many more are shallow and inadequate. 

The outstanding historical event of our generation is the dis- 
appearance of the frontier, and the consequent disappearance of 
the old, trusted, and tried opportunities for youthful opportunity 
and the profitable investment of capital; and with these gone 
there is beginning to go that favorable, constructive type of 
national psychology which has energized our progress hitherto. 

What shall we do in the face of an emergency so fundamental? 

Two courses are open to us. We can readjust our social, 
political, and industrial institutions to a future of limited oppor- 
tunities for men and for money, with a national outlook keyed 
down to safety as our objective, instead of the old purposeful 
advance toward a better future. The alternative is that we find 
an equivalent for the lost frontier—an equivalent which will as 
effectively open new opportunities for men and for capital, and 
make it possible for us to retain our constructive national psy- 
chology. 

For the time being, we seem to be making the first and poorer 
choice. In some directions deliberately and in others by indi- 
rection we are slowing down our production of goods and services. 
In place of a confident advance toward business risk and personal 
adventure, we are all playing safe—business man, worker, and 
farmer. We are at this moment organizing a new world of re- 
stricted production, restricted human enjoyment, and restricted 
opportunity for the coming generation. We have chosen to 
play the lesser part. 

We need not do this and we must not do it. For the effective 
equivalent of the old physical frontier lies ready at our hands for 
our occupation, development, and enjoyment. That frontier 
lies so close at hand that it escapes our notice. Its separate 
features are so familiar to us that we have missed its significance 
asawhole. For the new frontier is not a distant physical region, 
it is an ever-present social possibility. This new social frontier 
is a greatly raised standard of living for the mass of our fellow 
citizens. 

At first sight this proposal for a new frontier may seem trite 
and inadequate. But let us examine it before passing hasty 
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judgment. Let us consider first and principally its material 
characteristics. Of what are they composed? 


A higher material standard of living does not mean higher 
wages, higher salaries, or higher dividends. It does not mean 
higher prices for goods or services—least of all does it mean re- 
striction of output. It does mean more and more goods and 
services at lower and lower prices relative to incomes. 

Let us first consider whether a higher standard of living, 
defined in these terms, is physically possible. Next, let us see 
whether, if attained, it can take the place of the lost frontier in 
furnishing opportunity for youth and for capital, and in providing 
a favorable national psychology. Finally, if these inquiries 
lead to favorable conclusions, let us see what it is that prevents 
our occupation of this new frontier, so that we may remove the 
hindrances and proceed with our new social advance. 

There can surely be no question as to the physical possibility 
of a rising standard of living. We have the material resources 
required. The very abundance of our coal fields, oil wells, and 
fertile soil have embarrassed our clumsy institutions until we 
have imagined abundance to be a curse instead of a blessing. 
For the materials we need and do not have there are ample 
stores of native products for exchange in the markets of the 
world. 

We are favored as well in the character of our population. 
Drawn from a diversity of races, they bring to our land every 
useful type of acquired skill and native ability that could be 
asked for; and their energies are heightened by climates that 
are for the most part particularly favorable for effective work of 
hand or mind. 

Finally, years of experience have produced in this country a 
body of business and technical experience directly adapted to 
the production and distribution on a large scale, at low cost, and 
with minimum human effort, of a rich variety of desirable goods 
and services. 

The rising standard of living is physically possible. 

Quite obviously, when we consider the matter, this new social 
frontier of the higher standard of living offers the same advantages 
as did the old physical frontier if we can but enter into and 
occupy it. 

We seek more and better goods and services at less relative 
cost. This can only be effected to the desired degree by both 
expansion and refinement of our productive machinery and 
processes. The expansion of industry will call for more and 
more workers. The needed expansion and improvement of 
production will call for more and more investment. Only by 
this expansion of operations and revival of investment can we 
simultaneously produce more and better goods and services, 
distribute them more widely, do so at a less relative cost, and 
employ more men in the process at a number of working hours 
per week which tends to decrease rather than increase. All 
other programs fall short of this compleve solution. 

Our progress toward a higher standard will thus definitely 
provide the opportunities for men and for money that were 
furnished by the old frontier; and as this fact becomes obvious, 
it is plain that our old psychology of firmly based optimism will 
revive, and our newly injected defeatism will wither and dis- 
appear—a consummation devoutly to be wished for. 

If this new social frontier is physically attainable, and offers 
a continuation of the services which were rendered to us for so 
many generations by the old frontiers, we must be in earnest in 
our determination to discover and surmount the obstacles which 
deter us from entering into it. 

We have made good progress toward an ever-rising standard 
of living in the past, but in recent years our forward movement 
has been checked, and we have even been forced backward from 
our goal. The causes of our trouble have not been single, but 
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many. But, of the many, two are of such overshadowing im- 
portance that it is folly to disturb ourselves about the minor 
difficulties until we have found means of surmounting these 
major ones. In fact, we cannot even see the other problems 
clearly until these two have been solved. Thus attacked, the 
whole problem will more readily yield to solution. 

The first obstacle is a false idea, and it is the more dangerous 
from being held by a great majority of the population of the 
country. Business, labor, and agriculture account for almost 
the whole body of persons engaged in providing a high standard 
of living and all three of these groups are imbued with this false 
idea and strive to make it effective. ‘That false idea is that the 
interests of each separate group are best served by control or 
restriction of output and by maintenance or raising of prices. 

Industry has long been fascinated by the possibility of under- 
standings between competitors which lead directly or indirectly 
to price and production control. So evidently profitable does 
this appear that the movement toward agreement and combina- 
tion has been almost irresistible. As early as 1890 Congress 
recognized the rapid growth of the movement and passed the 
Sherman anti-trust act forbidding “conspiracies in restraint of 
trade.” But in spite of that legislation and of the succeeding 
Clayton act and the establishment of the Federal Trade Com- 
mission, business has, openly or secretly, consciously or un- 
consciously, moved in that direction. Some industries have, 
indeed, been so ‘successful’ in coming to agreements that they 
have encouraged outside competition and quite evidently de- 
feated their purposes. 

Labor-union policy has been identical with business policy. 
But since the commodity dealt in is labor and skill, the fallacy 
is expressed in somewhat different terms. Labor-union policy 
seeks “shorter hours and higher wages’ without any expressed 
or discernible limit. And some unions, like some businesses, 
have been so “successful” in this policy that their members are 
idle for months and years when other workers are profitably 
employed. 

Agriculture has long looked with envy on the “success” of 
business and labor in carrying out this false idea and at last 
it too has its chance, under the AAA, to limit production and 
raise prices; and it too is meeting with the “‘success” of lost 
foreign markets, stimulated foreign competition, and actual 
importation of products which our farmers are well able to 
supply. 

When business, labor, and agriculture hold the same beliefs, 
be they true or false, we must not be too surprised if the ad- 
ministration hastens to embody those beliefs in the law of the 
land. This was done, and as a result we had AAA and NRA. 
But legislation cannot purge a fallacy of its folly. These two 
institutions together lead to a universal condition of less goods 
at higher prices. But our goal of a higher standard of living 
requires more and more goods at relatively less prices. The 
governmental policy is surely false. It leads away from our goal. 
There is no magic algebra which can prove the truth of the 
equation, AAA + NRA = Prosperity. It does not equal pros- 
perity. It equals a lowered scale of living for the people of this 
country, and no other answer to this equation can be found. 

This first obstacle, then, is in the nature of a drag or brake 
or a heavy load to be carried. The second has more the nature 
of a recurring catastrophe which, when it occurs, not merely 
retards our advance but stops it completely. It not merely 
stops it, but throws us backward and destroys the very mecha- 
nism of progress, so that we must spend weary months and years 
in repairing it before we can regain our lost ground and resume 
our advance. 

This second obstacle is the periodic onslaught of speculative 
frenzy to which our social organization is subjected. 
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We should clearly understand what we mean by “‘speculative.”’ 
In the sense in which we are using the word it has no connection 
with business enterprise or business risk. A man may risk his 
time and all the funds at his command in the development of a 
new machine or a new product, or simply in an attractive busi- 
ness opportunity of the conventional sort. The outcome may 
be doubtful and may be called “speculative.’”’ But the pro- 
ceeding is essentially healthy if pursued with judgment and in 
the light of experience. On the willingness of the business 
community to engage in such risks are based our hopes for ex- 
panding employment and a rising living standard. Speculation 
is quite another thing and is most unhealthy when carried out 
on a large scale. It will best be understood if we describe the 
conditions under which it flourishes. 

Periodically business men become discouraged with the slow 
and meager profits of normal business, which is the business of 
producing and distributing goods and services. Normal business 
profits are small. If on the one hand we admire the returns 
from certain well-managed or especially fortunate organizations, 
on the other we observe the thousands of businesses which 
struggle along for years without. profit, finally sinking into 
bankruptcy with losses which run to hundreds of millions in the 
aggregate. Between the two extremes lies the general average 
of business success which, with infinite work and worry, returns 
to its owners little more than the normal interest on the capital 
invested. 

From time to time the business world, discouraged with this 
meager return, looks about and discovers lying ready at hand 
a marvelous mechanism which promises to work to a most 
attractive end. Instead of finding in his hands at the end of 
the year only the small profits of this year’s business, this mecha- 
nism promises that the business man can hold in his hands to 
use or spend and enjoy now, not only the profits of this year 
but next year’s profits as well—the profits of five years ahead— 
the imagined profits of future generations. This mechanism, 
ready at hand for such delectable use, is the speculative market 
for securities, real estate, and commodities, with the financial 
mechanism to which it is geared. The endeavor to realize far 
future profits by the use of this mechanism is ‘“speculation’”’ in 
the sense in which we are using the term. 

When the professional speculators are joined by thousands of 
business men, and finally by the general public in the operation 
of this mechanism, it does seem to work. For many months or 
for a term of years we do find new, spendable wealth in our 
hands—new millions, new billions. Apparently we can reach 
far into the future, seize its profits and enjoy them now. 

But it is in appearance only. There is no mechanism which 
will reach into the future and seize the profits of years not yet 
born. The reality is ugly and sordid. If there are new billions 
of “wealth,” those billions came directly from bank borrowing 
by purchasers of the securities, real estate, or commodities, to 
finance their purchases above cash margins which were com- 
paratively narrow. Bank-credit money, from its very nature, 
is generated by the process of borrowing and disappears when 
the debt is paid. In consequence, for every billion of new 
wealth there is somewhere a billion of new indebtedness, and if 
that billion of indebtedness becomes due and must be paid, 
then somewhere a billion of “wealth” must disappear. 

That volume of indebtedness—that source of fallacious 
wealth—is an incredibly flimsy and fantastic structure when 
we reach the end of a protracted speculative boom. It finally 
becomes evident to every one that the future profits on which 
present prices are based can never be realized. When that does 
become evident prices fall and debts become due. And then, 
for long months and years every cent of savings, every mite 
that can be spared from the bare expenses of existence, must be 


devoted to the liquidation of that indebtedness. These sums 
are lost to purchasing power, and these months are months of 
destruction and defeat. The damage must be painfully repaired 
before we can again resume our progress toward the new social 
frontier, the raised standard of living. 

These two obstacles, the false idea and the destructive calamity, 
are not light matters. We have struggled with them for genera- 
tions, and they have grown stronger with the years. What hope 
is there that we will ever control or overcome them? 

I am glad to stand before you tonight and to say that to me 
the prospect for sanity and intelligence in these matters looks 
brighter than at any time in the past. We have done much 
thinking. Experience has brought to us bitter lessons. Some 
of them we have learned. 

We have, for instance, one example before our eyes of an in- 
dustry which has never for a moment worshipped the false gods 
of production control and raised prices. The automotive indus- 
try has always been willing to submit to severe competition, and 
in consequence it has year by year built more and more and 
better and better cars and sold them for lower and lower prices. 
In further consequence it has made the greatest increase in 
employment and payroll dollars and is the most prosperous of 
any of our great industries. It has made the greatest contribu- 
tion to industrial recovery. Other industries are taking notice 
and considering their ways. 

Furthermore, there is a growing realization that if industries 
agree on price and production instead of competing, they open 
the door to government regulation. Indeed under those condi- 
tions, government control becomes an inescapable duty. On the 
other hand, for an industry which submits to the hazards of 
competition, and governs its prices and output thereby, govern- 
mental control is an unwarranted impertinence and a social 
calamity. Viewed in this light, our antitrust legislation is the 
strongest protection available to business. These things are 
becoming clear, and if there is any drift of business opinion it is 
away from the fallacious search for safety and toward intelligent 
courage. 

Industry must lead the way. We cannot expect labor or 
agriculture to do so. The prosperity which will come to industry 
as a whole in so doing will so directly increase the demand for 
labor and for agricultural products that the artificial methods 
hitherto applied by these two groups will be clearly seen as the 
hopeless proceedings which in reality they are. 

As to the control of speculative frenzy, we can point to much 
more definite items of achievement. Beginning with the Glass- 
Steagall act of the last months of President Hoover’s adminis- 
tration, and ending with certain useful elements of the banking 
act passed last summer, we have provisions which by no means 
insure us against a recurrence of this calamity, but which do 
provide us with tools which, if wisely used, will greatly diminish 
the severity of any future attack. 

Hitherto it has not been possible to restrain the expansion of 
speculative credit without throttling the flow of credit for normal 
business in the process. Now, for the first time, we can restrain 
the evil while supporting the good. We need have no repetition 
of the period from 1926 to 1929 with its disastrous consequences. 
We can, if we will, prepare a future freed of the worst follies of 
the past, in which we can move steadily and purposefully toward 
our social objective of a raised standard of living for our people 
as a whole. 

It must be clear to all that engineers have a particular interest 
and responsibility in these matters. We cannot sit idly by and 
see the choice made for us. 

If, faced with the disappearance of the physical frontier, we 
cravenly resign ourselves to accepting that fact as final, and key 
our national policy and our national hopes down to that dismal 
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decision, there will be little future for the engineer. There will 
be fewer of us, and our services will be of a subordinate order. 

If, on the contrary, we make the more courageous decision to 
replace the lost physical frontier with the new social frontier 
of the raised standard of living, then the engineer will come into 
his own. 

For the raised standard of living demands more goods and 
services, of better quality and at lower cost. This is the service 
which the engineer is qualified to render. To this was he born; 
for this was he educated; this is his life work. In a society 


dedicated to this end he will find profitable employment, satis- 
fying recognition, and useful essential service of the general 
good. With the scientist, the inventor, and the broadly visioned 
business executive he will pioneer in the founding of a new order 
as far surpassing our present one as that does the barbarism of 
earlier ages. 

We are faced with these alternatives—to retreat or to advance. 
Is there any doubt as to which the American people should 
choose? Nay, rather, is there any doubt as to which they will 
choose? 
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Annual Report of the Council 


URING the past year Society activities were on a sub- 
D stantially better basis than in 1933-1934. Rigorous 

economy has been observed and it is believed real progress 
has been made. For the first time in three years the Society 
income at the end of the first six-months’ period was greater than 
estimated and it was possible to make some increase in appropria- 
tions at that time. The financial report for the year will show a 
modest addition to surplus and a reduction in the debt. 


INFORMATION ABOUT MEMBERS 


The improved financial status of the Society enabled the 
Council and its Executive Committee to give more thought to 
the interests of the individual members. As a first step, a pro- 
fessional-data form was circulated during the spring, on which 
members were asked to record their experience and special quali- 
fications. The analysis of these forms is about 60 per cent com- 
plete at the close of the fiscal year. Approximately 7000 
members returned data and the information will be valuable 
in formulating programs for publications and activities to meet 
the general interests of the members. We have up-to-date 
records of 7000 members that will enable us to give aid to those 
employers seeking men with unusual experience and qualifications. 
We also have an accurate record of 860 consulting engineers, 
showing their detailed specialties, from which to answer inquiries 
for men qualified to handle specific problems. About 750 
members have volunteered for service on committees. 


IMPROVING THE PROFESSION 


The enhancement of the status of the engineer is the stated 
purpose of the Engineer’s Council for Professional Development 
in which the A.S.M.E. is participating. The Engineers’ Council 
has made splendid progress in its program of accrediting engineer- 
ing schools and, as the fiscal year draws to a close, plans are under 
way to examine some twenty schools in the New England and 
Middle Atlantic areas. These two areas were chosen for the 
first trial of accrediting and the development of the scheme will 
depend upon its success in this experimental area. The Engi- 
neers’ Council has also promulgated two programs in which the 
Society is called upon to participate actively through its sections. 

(1) The guidance of young men planning to enter engineering 
as a career. 

(2) Stimulation of a self-development program for young men 
who have been graduated from engineering schools and are 
preparing themselves to become full-fledged engineers and for 
those young men who have not had the advantage of a formal 
education. 

Plans for both of these programs have been prepared and 
communicated to the Sections. The successful execution of these 
plans provides a direct problem for each Section. 


REGISTRATION 


During the past. year the Council has given a great deal of 
consideration to the movement looking to the establishment of 
registration laws for engineers throughout the United States. 
As the year closes, thirty-five states have such laws. 

In June the Council adopted an important policy in this matter 
as follows: 

(1) The A.S.M.E. will present the broad aspects of registra- 
tion to its members in those states not having registration and 
stimulate its consideration by them. 

(2) The A.S.M.E. will not publicly urge registration in those 
states where the movement has not taken definite shape. 


(3) In those states where a registration movement has been 
initiated which has the support of representative members, the 
A.S.M.E., through its members in those states, will offer to sup- 
port the movement by helping to organize it further, by assisting 
to formulate a proper legislative bill, by soliciting the support of 
other engineering societies and outstanding members, by advising 
appropriate strategy, and by other suitable and proper means. 

(4) In those states where registration laws have been en- 
acted, the A.S.M.E., through its members, will encourage (a) 
amendment of the registration laws for the purpose of improving 
and making them more uniform, and (b) stricter enforcement of 
those laws. 

At the close of the year Council was giving consideration tu 
the steps necessary to carry out this policy. 


AMERICAN ENGINEERING CoUNCIL 


The American Engineering Council has completed a good 
year. Its report appears in detail on another page and is well 
worth painstaking study. The American Engineering Council 
has made substantial progress in relating itself to government 
agencies on engineering matters and has initiated a series of con- 
tacts looking to the placement of engineers in government ser- 
vices. It has been instrumental in initiating a special census of 
engineers, with particular reference to educational background, 
occupation, income, and present status of employment. Over 
50,000 records of individuals are in the hands of the Bureau of 
Labor Statistics of the U. S. Department of Labor and it is ex- 
pected that the report will be available about the end of the 
calendar year. 


Junior ACTIVITY 


One of the important problems pressing for early solution is the 
assimilation into the Society activities of the large number of 
graduates of engineering schools. The program of post-graduate 
training planned by the E.C.P.D. previously mentioned offers an 
excellent opportunity for the Society to take an important posi- 
tion of leadership. During the past year a special committee on 
junior participation was appointed, which has made some valu- 
able suggestions for junior activity. Many sections have adopted 
active programs for junior participation, but there is still a great 
opportunity for future developments in this program. 


CHANGES IN MEMBERSHIP GRADES 


An important change in the membership structure was initi- 
ated during the year. As a result of discussions in the E.C.P.D. 
and in the Committee on Policies and Budget, a revised plan 
of membership grades was advanced and, after acceptance by the 
members in meeting at Cincinnati in June, 1935, was submitted 
to letter ballot. The plan abolishes the present Associate- 
Member grade, makes some changes in the requirements for a 
new grade of Member, and adds the Student Member, and the 
Fellow, the latter being the engineer of distinction. 


GENERAL ACTIVITIES 


The meetings of the Society during 1934-1935 were generally 
satisfactory. The plan of having annually a Calvin W. Rice 
Memorial Lecture was initiated at the Cincinnati meeting by 
Dr. Adolph Meyer, of Zurich, Switzerland. 

The increase in income from advertising enabled the Council to 
provide more money for publications during the latter part of 
the fiscal year. The Journal of Applied Mechanics was issued 
with some assistance in financing from universities, companies, 
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CHANGES IN MEMBERSHIP, ge 1, 1934, TO SEPTEMBER 


-——Membership——. 
Oct. 1, Oct. 1, Net 
1935 1934 Changes 
Honorary Members.... . 16 17 —1 
Life Members.......... 67 67 0 
6375 6548 —173 
268 293 —25 
Associate-Members...... 2604 2658 —54 
ae 1448 1497 —49 
Juniors 3239 3147 +92 
14,017 14,227 —210 


and individuals. The publication problem is, however, a major 
one and at the close of the fiscal year is being given intensive 
study by the Publication Committee, the Professional Divisions, 
the Advisory Board on Technology, and the Council. 

With appropriations less than customary two years ago, 
the operation of Sections was carried on with reasonable satis- 
faction. Three hundred and one meetings were reported. A 
scale of measurement of Section operation has been developed 
and put into use. By this it is hoped that the work of a Section 
during any period can be more accurately evaluated. Also it 
aids the Section officers to gage the results of their administra- 
tion. 

In addition to cooperating in the preparation of programs 
for sessions at annual and semi-annual meetings, the Profes- 
sional Divisions held five successful national meetings during the 
year. 

This year marked the completion of the installation of the new 
plan of student branch operation. The number of members in 
student branches reached a total of 3250. Ten student meetings 
were held with splendid success. 

The Committee on Awards has completed a new scheme for 
administering the honors and awards for the Society, by which a 
Board of Honor and a Medal Committee will be established. 
Revisions of the By Laws are under consideration by the Council 
at the close of this fiscal year. 

The technical committee work of the Society was carried on 
with unexpected activity in view of the condition of the times. 
Nineteen of the twenty-four research committees showed sub- 
stantial progress. Ten standards were completed and _pre- 
sented to the American Standards Association for approval. 
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One new Power Test Code and one revised code were published 
and two new sections and one revised section of one of the codes 
were completed and approved by the Council. 

During the year progress was made in improving contact be- 
tween the members of the Council and the members of the Society 
at large. In addition, the President and Secretary visited 48 
Sections and 34 Student Branches. 

The financial report indicates that the Society has operated 
well within its income, and has reduced its indebtedness ma- 
terially. 


Apvisory Boarps 


This year saw the initiation of three advisory boards, formed to 
coordinate the functioning of certain related committees: The 
Advisory Board on Technology is concerned with meetings, divi- 
sions, research, and publications; the Advisory Board on Stand- 
ards and Codes is concerned with the boiler code, standardiza- 
tion, power test codes, and safety; the Advisory Board on 
Professional Status is concerned with membership, registration, 
and the E.C.P.D. These boards made up of representatives 
of committees with a chairman designated from the Council 
and set up on an experimental basis for two years, have started 
to function and have made substantial progress. 


Reports OF CoMMITTEES 


The complete reports of the standing and special committees 
follow. They are worthy of painstaking study. 


THe PARKER CaAsE 


Shortly before the opening of the fiscal year, Mr. John C. 
Parker brought action in the Supreme Court looking to an in- 
vestigation of Society activities, particularly in connection with 
the Engineering Index and the Boiler Code. The investigation 
was started in April and continued intermittently through the 
rest of the year. It is expected that the report of the investiga- 
tion will be completed before the Annual Meeting. Upon its 
completion, the Council will render a complete report to the 
membership. 


C. E. Daviss, Secretary 
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Reports of Standing and Special Committees 


FINANCE 


For the second consecutive year since the effects of the depression 
in the fall of 1931 began to be reflected in its financial affairs, the 
Society has lived within its income. 


(A) Yearly Operating Results based upon inclusion of initiation fees: 


1931-32 1932-33 1933-34 1934-35 
Total Income..... $576,590.14 $409,729.73 $395,642.53 $383,830.05 
Total Expense and 
Charges........ 644,588.52 441,281.86 354,936.56 362,905.06 


NetIncome or Defi- 
cit for the Year. $ 67,998.38 $ 31,552.13 $ 40,705.97 $20,924.99 
(deficit) (deficit) (net income) (net income) 


(B) Yearly Operating Results based upon exclusion of initiation fees: 


1931-32 1932-33 1933-34 1934-35 
Total Income .... $560,301.81 $396,934.29 $380,287.93 $368,029.82 
Total Expense and 
Charges........ 644,588.52 441,281.86 354,936.56 $362,905.06 
Net Income orDefi- 


cit for the Year. $ 84,286.71 $ 44,347.57 $ 25,351.37 $ 5,124.76 
(deficit) (deficit) (net income) (net income) 


The Finance Committee considers this accomplishment an en- 
couraging indication that the financial condition of the Society is 
improving. The actual total income during the past year is 6 per 
cent greater than the budgeted estimate. The situation with respect 
to dues is considerably better than it was a year ago. For the past 
two years there has been a slow, but steady increase in the revenue 
received from advertising and sale of publications. The earnings 
from investments have continued to hold at an average of approxi- 
mately 4 per cent. The financial position of the Society, as reflected 
by its balance sheet, is increasingly liquid. Questionable assets 
have been written down to amounts believed to be conservative; 
the current liabilities have been reduced. If these improvements 
may be considered as indicative, it would seem that a critical period 
in the history of the Society has been successfully passed. 


STATEMENTS 


In accordance with the practice of recent years, this annual report 
of the Finance Committee, for the fiscal year ended September 30, 
1935, includes detailed comparative statements of the Society's 
operations for the past two fiscal years. A brief explanation of the 
statements may assist the membership and committees in a clearer 
understanding of what the Finance Committee has set forth. 

The summary of expanses given in the income and expense state- 
ment in Exhibit A is supported by detailed statements, viz.: direct 
appropriations to Standing Committees of Council in Schedule 1; 
printing and distribution expenses of publications in Schedule 2; 
and the itemized expenses of operating the office of the Society in 
Schedule 3. Additional schedules are included for those members 
who prefer to have the expenses shown differently, as follows: the 
departmental expenses of the office are shown in Schedule 4, with 
the explanation of the activities carried on by each department; 
in Schedule 5 is given the total cost of the many activities of the 
Society, obtained by adding to the direct appropriation for each 
activity its proportionate share of the office expense; finally, the total 
cost of Society activities is summarized into major groups of services 
in Schedule 6. The accompanying chart of income and expenditures 
per member is based upon the total income, including initiation fees, 
as given in the first column of Exhibit A and upon total expenses and 
charges as given in the first column of Schedule 6. 

The amount collected from initiation fees was not used for operating 
expenses, but was put directly into surplus as shown in Exhibit A. 
The net income for the year shown at the bottom of Exhibit A was, 
likewise, added to surplus. It represents the difference between all 
income, except that from initiation fees, and total expenses and 
charges. These additions to surplus, together with other entries 
directly affecting surplus, are shown in Exhibit B. The balance in 
the surplus account on September 30, 1935, is the difference between 
the total assets and the total liabilities of the Society on that date 
and is so shown in the balance sheet, Exhibit C, before providing for 
decline from the purchase price to the present quoted market value 
of the Society’s investments, exclusive of trust-fund investments. 

The annual audit of the Society’s accounts for the fiscal year ended 
September 30, 1935, has again been made by Messrs. Haskins 
& Sells, Certified Public Accountants. As explained in the notation 


RI-83 


following this report, Exhibits A, B, and C and Schedules 1 and 3 
were prepared from the auditor’s report, whereas, the statements 
Schedules 2, 4, 5, and 6 were prepared from the Society’s records. 
The statements from the two sources are in entire agreement. 


FINANCIAL MANAGEMENT 


Evidence of the efforts made by the Council to improve the financial 
position of the Society is apparent from the following: (a) insistence 
upon strict adherence to the budget, (6) write-offs of uncertain assets, 
(c) wipe-off of deferred charges, (d) facing the facts about present 
market values of securities, (e€) reduction of the bank debt, (f) ad- 
vantageous disposal of marketable securities, (g) constant attention 
to the Society’s investments, (h) unremitting study of trust-fund 
and other fund requirements, and (i) judicious formulation of future 
policies. 

BupGet ADHERENCE 

Some of the major budget policies formulated by Council in June, 
1934, which have been strictly adhered to are: (a) the amount avail- 
able for budget appropriations for Society expenses not to exceed 
95 per cent of the estimated gross income, (b) an amount equal to the 
income received from initiation fees to be appropriated from surplus 
for the reduction of the bank debt, (c) efforts to be made to reduce 
the bank debt by the advantageous sale of securities as opportunity 
arose, (d) no new activity to be undertaken unless definitely known 
that the funds required would be available without decreasing appro- 
priations or existing essential activities. 


Recent Writs-Orrs 


Upon recommendation of the Finance Committee, after careful 
consideration, Council has approved many drastic write-offs of un- 
certain assets and deferred charges during the past four years, in 
order to present more accurately the Society’s condition. An 
examination of the surplus statements and balance sheets for Septem- 
ber 30, 1932, 1933, 1934, and 1935 shows the following major write- 
offs or creation of reserves: 


Deferred deficits of Engineering In- 
dex from Oct. 1, 1927, to Sept. 30, 


Advertising account.............. 20,384.69 
Obsolete and inactive items in in- 


ses 78,660.48 $263,363.06 


Revaluation of Engineering Index 
inventory and transfer of receiv- 


ables to Engineering Index, Inc. 34,217.78 
Deferred charge for fiftieth anni- 


Adjustment in publication inventory 10,098.19 $189,164.28 


Dues SITUATION 


After a three-year adherence to a lenient dues-payment policy, 
the Council deemed it necessary in 1934 to begin clarifying the 
membership status by dropping or suspending, on September 30, 
1934, those members who on that date owed dues for two full years 
or more. Further analysis of the dues accounts in 1935 resulted in 
the dropping of additional members on June 18, 1935. Although 
the actual write-offs of the unpaid dues of these members did not 
take place until the current fiscal year, provision therefore was 
made out of income in the years shown below: 


Year ended September 30, 1932..:....$ 55,000.00 
Year ended September 30, 1933....... 164,317.89 
Year ended September 30, 1934....... 120,448.65 


The sum of these three charges when added to the corresponding 
expense of $10,000.00 for the present fiscal year, makes the total 
provision for uncollectible dues for the entire four-year period ended 
September 30, 1935, $349,766.54. 

As the result of the foregoing write-offs and creation of reserves, 
the amount of dues receivable shown on the balance sheet, Exhibit 
C, is considered to be collectible in its entirety. 

Furthermore, a most favorable dues situation has resulted from 
the efforts of Council to clarify the membership status. This is 
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A.S.M.E. INCOME AND EXPENDITURES PER MEMBER, 1934-35 


INCOME EXPENDITURES 
BT --- A007 /0N To RESERVE 
#/.49 per Member — 5.4% 
KN, $047 per Member —/7% 
cat H : \ Expenses of Certificates of 
CLE \ Indebtedness, Farker Case, 
' ‘and Membership Census. 
§§§ INTEREST 
#84 $0./7 per Member — 0.6 % 
49.99 per ADVERTISING AND SALES 
alg per Member ' Member Expense of Soliciting Advertising, 
x Oo A 36.5% H 29.9% Printing and Distributing Mechanical 
= ; H Catalog, the Advertising Section of 
rer, ' ! Mechanical Engineering and the 
| per GENERAL SERVICE K 
LS Wember 54% Contributions to library, American En- ' 
49206 gineering Counci/, and for Coun-| 
= per Member cil, Awards and Nominating Commiffee | 
WAR X----TECHNICAL SERVICE 
Expenses for Carrying on the Technical 
RQY : ri Service of Improving Mechanical Engin- 
> WAN VY 46 90 eering Practice through Research, 
WAS per oiler Code, Power Test Codes, Stand- 
45 08 Member and Safety. ' 
A | V4 0%, S--PROFESSIONAL SOCIETY SERVICE 
Expenses for Conducting Society Meet- “XQ 
ings and Carrying on Divisions, 7/ & 
| Usual! Routine of Membership Election, 
> and the Contribution.to the Employ- ‘i 
Y ' H ment Service. 
' Y N per Text Publications sent toMembers. 
Member Expenses of Edliting, Printing, and 
G N 23.4% Distributing Mechanical Engineering, 
\N Transactions, anal Membership List. x 
§ INE 


apparent from the fact that, despite a 30-per cent shrinkage in the 
membership during the past year, the cash collections of dues were 
improved, as shown: 


Year ended September 30, 1934..... $199,868.73 
Year ended September 30, 1935..... 201,967.21 


CURRENT CONDITION 
On the basis of quoted market values of investments, the cur- 
rent condition of the Society is more liquid than it was a year ago, 
as shown by the ratio of current assets to current liabilities: 


At Sept«: aber 30, 1934...... 1.3 
At Septe: iber 30, 1935...... 1.9 


This corresponds with an increase in the net working capital, or 
excess of current assets over current liabilities of: 


Current Current Net Working 
Assets Liabilities Capital 
At September 30, 1934..... $154,741.85 $114,562.88 $40,178.97 
At September 30, 1935..... 135,289.88 74,771.93 60,517.93 


The foregoing ratios and statement of net working capital are 
computed on the conservative basis used in the Society’s balance 
sheets, and do not take into consideration real estate mortgage 
bonds and certificates both unpledged and pledged as collateral to 
bank notes payable having a quoted market value of $71,350.00 at 
September 30, 1934, and $75,685.00 at September 30, 1935. The 
reason for the exclusion of these items is their less ready market- 
ability as explained later under the heading ‘‘Investments.”’ 


Dest RepucTIon 
The demand ncte held by the bank has been steadily reduced as 
shown below: 
Amount of Note Yearly Reductions 
September 30, 1933...............$164,000.00 


September 30, 
September 30, 1935...............  17,000.00...... 40,500.00 


The reduction has been accomplished by the application of funds 
received from three sources: 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


1933-34 1934-35 
Current income... $ 8,897.36 $13,951.92 
Sale of seourition... 61,287.42 17,713.29 
Sale of certificates of indebtedness 
Total reduction in bank debt......... $106,500.00 $40,500.00 


SALE OF SECURITIES 


By close observation of the daily market quotations of the issues 
of railroad and public-utility bonds owned by the Society, the Finance 
Committee, upon authority of Council, was able to sell certain se- 
curities from the Society’s portfolio at a profit and thereby to reduce 
the bank loan. The face value, cost, and net selling price of the 
securities sold during the past two years are given in the accompanying 
Table 1. 


TABLE 1 
Net Selling 
Cost Price 


(A) Securities sold during 1933-34 Face Value 


Binghamton Light, Heat and Power 
0. 5%, 194 
Central Maine Power Co. 5%, Series 


$ 5,000.00 $ 5,000.00 $ 4,931.62 


10,000.00 10,100.00 9,974.37 
Commonwealth Edison Co. 5%, 1935 5,000.00 5,118.75 5,194.50 
Cumberland County Power Light 

2,000.00 1,890 00 1,877.95 
Dallas Power & Light Co. 5%, Series 

5,000 .00 5,000.00 5,184. 87 
Metropolitan Edison Co. 5%, Series 

New York Central and Hudson River 

Railroad Co. debenture 4%, 1942. 25,000.00 23,062.50 23,943.12 
San Diego Consolidated Gas and 
Electric Co. 5%, Series B, 1947..... 5,000.00 5,075.00 5,144.87 


Total during 1933-34.......... $62,000.00 $60,258.75 $61,287.42 


(B) Securities sold during 1934-35 


Alabama Power Co. 5%, 1951...... 


1 $ 5,000.00 $ 5,000.00 $ 4,831.90 
Cumberland County Power & Light 


Co. 41/:%, 3,000.00 2,835.00 2,816.86 
Public Service Company of Northern 

5,000 .00 4,962.50 5,107.26 
Texas Power & Light Co. 5%, 1956... 5,000.00 4,850.00 4,957.27 


Total during 1934-35........... $18,000.00 $17,647.50 $17,713.29 


SALE OF CERTIFICATES OF INDEBTEDNESS 


On March 21, 1934, the Council authorized an aggregate issue of 
$125,000.00 of four per cent Certificates of Indebtedness, due Janu- 
ary 1, 1936, to January 1, 1944, to be sold to the membership of the 
Society. Between that date and September 30, 1934, certificates 
amounting to $36,450.00 were purchased by members. In the current 
year additional certificates amounting to $8,700.00 have been pur- 
chased by members, thus bringing the amount issued to $45,150.00 on 
September 30, 1935. Of this amount $600.00 face value of certificates 
have been donated to the Society by members and are held in the 
treasury. Those members who purchased Certificates of Indebted- 
ness are to be commended for their willingness to assist the Society. 
By their loyal support they have not only enabled the Society to re- 
duce its indebtedness to the bank and to lower the annual interest 
rate by one per cent from the former level; but, in instances where 
purchased certificates have been donated to the Society, those mem- 
bers have beneficently opened a new channel of revenue through 
which the Society’s financial condition may now be continuingly 
strengthened. 


INVESTMENTS 


The status of each real-estate mortgage bond and certificate has been 
analyzed and studied. With the exception of two mortgage bonds 
with a combined face value of $54,000.00, all mortgage bonds and 
certificates owned by the Society, whether as investments or as trust- 
fund securities, are issues of the Lawyers Mortgage Company. Prac- 
tically all mortgage bonds of the Society are secured by real-estate 
properties in New York City. The Department of Insurance and 
the Mortgage Commission of the State of New York have endeavored 
to rehabilitate the Lawyers’ Mortgage Company by supervising its 
operations during the depression. The quoted market value for real- 


estate mortgages in New York City is low, inasmuch as investors are 
not buying that form of security; but the majority of the properties 
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in which the Society has a participating interest are being well man- 
aged. This is evidenced by the average yield on real-estate mortgage 
bonds and certificates owned by the Society which was: 


Trust-Fund Other 
Invest-  Invest- Aver- 


ments ments age 
For Fiscal year: 1933-34........... 4.46%. ..3.387%...3.64% 


Although the average yield is exceptionally good for this class of in- 
vestment at the present time, the mortgages are still in a ‘‘distress 
market.’’ In most cases the market value of these investments is ex- 
pected ultimately to return to nearly the original purchase price. 

The complete schedule of securities owned by the Society appeared 
in the annual report of Council for 1932-1933 on page 25 of the Record 
and Index Section of Transactions for 1933. A schedule of securities 
as of September 30, 1935, has not been included in this report inas- 
much as the only changes are those previously noted under the head- 
ing ‘‘Sale of Securities.”’ 

Respectfully submitted, 


WaLTER RAvuTENSTRAUCH, Chairman Ww. H. 

Wa. T. Conton K. M. Irwin 

W. D. Ennis OsBeErG, Treasurer 
Ey C. HutcHinson ) 


Council Representatives 


ACCOUNTANTS’ CERTIFICATE 


The American Society of Mechanical Engineers: 

We have made an examination of your accounts for the year ended 
September 30, 1935. Under the terms of our engagement, the 
accounts receivable, other than advertising accounts, at September 
30, 1935, and collections during the year were not verified by con- 
firmations obtained from the debtors, nor were the quantities of the 
inventories verified by us. 

In accordance with recommendations made by us in previous 
years, the Society during the year under review has compiled detailed 
records of dues receivable from members. This compilation shows 
balances receivable at September 30, 1935, aggregating approxi- 
mately $21,000.00 in excess of the amount shown by the general 
records. No effect has been given in the accompanying statements 
to any part of such excess, and therefore the income of the Society 
for the year under review is conservatively stated. A study now 
being made by us in conjunction with the Society's staff indicates 
that a substantial part of the above-mentioned excess has its origin 
in actions taken by the Society to continue in membership certain 
individuals whom it had previously expected to drop from the rolls. 
A supplemental report will be issued setting forth the extent to 
which the surplus will be adjusted during the fiscal year beginning 
October 1, 1935, on account of the foregoing. 

In conformity with the practice followed by the Society, there 
have not been included in its accounts nor in the accompanying 
statements any accruals of interest receivable or payable other than 
on outstanding certificates of indebtedness. 

In our opinion, subject to the foregoing and to the notations on 
the accompanying statements, the attached balance sheet and state- 
ments of income and expenses and of surplus set forth, respectively, 
your financial condition at September 30, 1935, and the results of 
your operations for the year ended that date. 


(Signed) Haskins & SELLS 
November 30, 1935 


Note: The following Exhibits A, B, and C and Schedules 1 and 
3 have been prepared from the report of Messrs. Haskins & Sells; 
Schedules 2, 4, 5, and 6 have been prepared by the Finance Com- 
mittee from the Society’s records. 


EXHIBIT A 


COMPARATIVE STATEMENT OF INCOME AND 
EXPENSES 


For Two Fiscal Years Ended September 30, 1935 


INcoME 1934-35 


Initiation fees (carried to Surplus)—See 
$ 15,800.23 


1933-34 
$ 15,354.60 


Membership dues (Less provision for dues 
considered uncollectible at September 
30, 1935, $10,000.00; September 30 


pO $201,660.34 $198,731.15 
11,871.06 13,883.15 
Mechanical Engineering advertising......... 53,503.64 49,195.37 
Mechanical Catalog advertising........... 42,258.15 41,156.63 
47,712.06 39,522.83 
Miscellaneous 1,440.25 1,486.59 
Journal of Applied Mech oontribut 1,531.00 
Engineering fo 25,715.18 
Contributions unrestricted................ 23.00 982.06 
Technical Committee contributions........ 400.00 1,577.28 
$370,138.00 $379,031.59 
Less: Provision for and write-offs of accounts 
receivable other than dues, and ad- 
justment of controlling account, less 
$366,671.03 059. 26 
Authorized transfer from Trust Funds..... .00 
Net profit on securities sold............... 65.79 1o2s. 67 
EXPENSES AND CHARGES 
Committee expense—See Schedule 1....... $ 59,687.04 $ 50,893.96 
Publications expense—See Schedule 2...... 103,535.63 85,625.30 
Office expense—See Schedules 3 and 4...... 190,703.57 188,129.88 
Engineering-Index expense..............-- 21,235.20 
Certificates-of-Indebtedness—interest and 
Journal of Applied Mechanics—Editorial 
285.43 
Parker Case expenses paid to date......... 2,326.37 
Membership 2,054.66 
Torat Expsnses—See Schedules 
Interest and discount charges............. 2,417.18 8,004.58 
Total expenses and charges....... $362,905.06 $354,936.56 
Net Income for the year (carried to Sur- 
plus)—See Exhibit B................ $ 5,124.76 $ 25,351.37 
SCHEDULE 1. COMMITTEE EXPENSE 
(Direct Appropnation Only) 
1934-35 1933-34 
Engineering Societies Library................ 8,509 .53 8,193.71 
American Engineering Council............... 8,778.00 6,055.00 
Sections Committee—mileage................ 853.10 552.18 
Sections Delegates—mileage................. 1,716.74 3,214.69 
Nominating Committee...................... 416.06 740.1 
Relations with Colleges—mileage............. 74.95 110.47 
Research (Grants to Initiate Projects)......... r 
American Standards Association.............. 500.04 625.01 
Divisions Meetings. 2,781.52 2,444.63 
4,822.90 4,333 .47 
Engineering Societies Employment Service. .... 8,240.27 6,923.58 
Student-Branches Operation................. 6,378.02 3,816.42 
$ 59,687.04 $ 50,893.96 
SCHEDULE 2. PUBLICATIONS EXPENSE 
(Printing and Distribution Only) 
1934-35 1933-34 
Mechanical Engineering Text Pages........... $ 24,950.48 $ 22,769.94 
3,869.29 
Journal of A plied 3,929.75 
Mechanical we Advertising Pages..... 11,205.49 9,616.57 
Other Publications 19,802.74 16,171.01 
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SCHEDULE 3. OFFICE EXPENSE | 
(Classified by Items) 
1934-35 1933-34 
$190,933.82 $188,396.07 
SCHEDULE 4 OFFICE EXPENSE Mi 
(Classified by Departments) FA 
Salary Other -——Total Expense-~— 
expense expense* 1934-35 1933-34 
General Department: General supervision, staff service to Council, Executive Committee, Special # 
Committees of Council, Committees on Finance and Publications, central accounting, purchas- i 
ing, stores, addressograph, duplicating, files, clerical and stenographic...................... $50,448 .02 $15,445.49 $65,893.51 $65,823.02 # 
Field Department: Staff service for Sections, Branches, Meetings, Divisions, Membership, Awards, % 
Employment Service, Chicago and Tulsa 28,293 .33 6,868.40 35,161.73 32,969.24 
Technical Department: Staff service for Committees on Boiler Code, Power Test Codes, Research, 
@ Other expense includes postage, printed matter, travel, telephone and telegraph, office supplies, stationery, maintenance and repair, and unclassified. 4 
SCHEDULE 5. DETAILED COST OF A.S.M.E. ACTIVITIES 3 
Printing and 
Committee Distribution Office -———Total Cost ty 
Activities Expense Expense Expense 1934-35 1933-34 | 
Council (President; Executive $ 2,560.98 $ 3,521.23 
Standing Committees of Council 4 
Publications 
Relations With Colleges (Student 11,076.45 17,529.42 13,647 .O1 
.. Special Committees of Council 
Joint Activitics 
Engineering Societies Employment . 877.51 9,117.78 10,317 .42 
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SCHEDULE 6. TOTAL COST OF A.S.M.E. ACTIVITIES 


1934-35 1933-34 
General Service—Contributions to Library, American Engineering Council, and ex- 
pense of Council, Awards, and Nominating Committees....... a pe veenvesnsae $ 20,628.95 $ 18,904.08 
Society Activities—Expenses for Society Meetings, Professional Divisions, Local Sec- 
tions, Student Branches, Membership Election, and contributions to Employment 


Technical Service—Expenses of Committees on Boiler Code, Power Test Codes, Re- 


Publication Text Service—Expenses of editing, printing, and distributing text section 

of Mechanical Engineering, Transactions, Journal of Applied Mechanics, and 

Advertising and Sales—Expenses of soliciting advertising, printing, and distributing 

Mechanical Catalog, Advertising Section of Mechanical Engineering, and publica- 


Engineering-Index—Expenses of editing, printing, soliciting, and distributing Card 
Certificates of Indebtedness—Expenses of soliciting sales, printing certificates, legal 
Cost of Parker Case—Expenses of legal counsel, minutes of hearings, and printing 
Membership Census—Expenses of printing, distributing, and analyzing biographical 


* No expense of Journal of Applied Mechanics nor Membership List in 1933-34. 


EXHIBIT B 
STATEMENT OF SURPLUS 
For Fiscal Year Ended September 30, 1935 


Batance, Ocroser 1, 1934, per Soctsry ANNUAL REPORT 


Adjustment of Prior Years’ Interest—Retirement-Fund Reserve................ 1,810.46 
CHARGES: 
Write-Off of Loan to Committee on Thermal Properties of Steam............... $ 4,000.00 
Assessment by United Engineering Trustees, Inc., for construetion of Library 
Reduction of Brashear Biography Inventory value.................eceeeeeeeee 457.92 
Adjustment of Custodian-Fund Interest Applicable to prior year............... 197.99 7,155.91 
Baance, SEPTEMBER 30, 1935 (representing excess of income, including initiation fees, over operat- 
ing expenses and other charges, and subject to provision not having been made for decline 
of $163,200.64, as of September 30, 1935, in the quoted market value of the Society’s invest- 
ments, exclusive of trust-fund investments) 


® It being the practice of the Society to take up initiation fees only as and when collected, the ab: ita 
does not include such fees receivab!2 at September 30, 1935, and October 1, 1934. eeeean 
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ASSETS 


CurRENT ASSETS: 
receivable: 
Dues (less reserve for un- 
col'ectible items, 
$10,295.34 
Publications and aciver- 
tising (less cseserve 
for uncoilectible 
items, $4,000.00)... 44,840.61 
Miscellaneous.......... 1,232.16 56,368.11 
Inventories: 
Publications for sale... . 
Publications in process... 


Securities—At cost (quoted 
market value, $13,- 
287.00) —$23,177.64 
deposited as collat- 
era] to bank note 


$35, 54 


49 
4 (94 48,212.97 


23,277 .64 


Tora, CuRRENT ASSETS................ 


Reat-EstatTE MortGaGce Bonps 
AND CERTIFICATES 
—at Cost (quoted 
$110,- 


540.00): 
Pledged as collateral to 
ank note payable. . 
as collateral to 
ertificates of In- 


$ 86,000.00 


68,750.00 
109,000. 00 


Toran Reat-EstateE Mortcace Bonps 
AND 
Trust-FuNnp AssETs: 
Corporate stocks and real-es- 
tate mortgage cer- 
tificates (quoted 
market value, $66,- 


$118,127.16 
Tora, Trust-FuNp ASSBETS............. 
Psoperty-FuNp INVESTMENTS: 
One-fourth interest in real-es- 
tate and other as- 
sets of United En- 
Trustees, 
ne., exclusive of 
trust funds........ $496,948.48 
Office furniture and fixtures 
(depreciated value) . 23,719.60 
1.00 


Engineering Index—Title 
and good-will...... 1.00 


Tora. Property-FuNnp INVESTMENTS.... 
DEFERRED CHARGES—Society Ac- 
tivities Applicable 
to Subsequent Years 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


EXHIBIT C 
BALANCE SHEET, SEPTEMBER 30, 1935 


$ 145,280.52 


263,750.00 


120,767 .60 


520,670.08 


141.46 
$1,050,609 66 


LIABILITIES 


CurREnNT LIABILITIES: 


Note payable—Bank (ee 
securities pledged 


$ 17,000.00 
Accounts payable........... 21,382.00 
Unfilled commitments—Es- 

timated liabilities 

relating to ‘‘Me- 

chanical Catalog’’ 

for 1935-1936, etc.... 13,700.20 
Assessment payable— Uni 

Engineering Trus- 

2,000.00 
Custodian funds. . 16,243 . 23 
Reserve for prepaid sub- 

scriptions.......... 4,000.00 
Accrued interest on certifi- 

cates ot indebted- 

446.50 


Torat Current (exclusive of 
Certificates of Indebtedness to be re- 
deemed January 1, 1936)........... 


Four Per Cent OF 
INDEBTEDNESS, Due 
January 1, 1936, to 
January 1, ‘1944 
(10% of the total 
amount issued to be 
redeemed January 
1, 1936)—See invest- 
ments pledged, con- 


tra: 
$125,000.00 
600.00 


Trust-FuNp RESERVES: 


RESERVE FOR EmpLoYers’ RETIREMENT ALLOWANCES....... 
Dererrep Crepit—Dves Recetvep ADVANCE. 

Surpvus (representing excess of income, including imtiation 
fees, over operating expenses and other charges, and 
subject to provision not having been made for decline 
of $163,200.64 as of September 30, 1935, in the quoted 
market value of the Society's inv of 
trust-fund investments), per Exhibit B..... Ae 


$ 74,771.93 


44,550.00 


120,767 .60 
520,670.08 


15,921.61 
35,078.99 


238,849.45 


$1,050,609 .66 


In accordance with the Society's practice, initiation fees receivable are 
not included in the above statement as they are taken up by the Society as 


assets only as and when collec 
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MEETINGS AND PROGRAM 


With each year there are changes in the aspects of the work of the 
Committee on Meetings and Program and its problems are constantly 
shifting. Through it all there remain, however, certain fundamental 
requirements upon which it is periodically necessary to place pressure 
that the Society as a whole may continue its progress and provide for 
the service and welfare of the members. 

In the year just concluded the Committee’s slogan has been ‘‘Better 
meetings and bigger attendance, within the budget.’’ Necessarily the 
latter presented limitations. Nevertheless, much has been ac- 
complished and reactions to the work of the Committee from the 
members in general have been encouraging. 

For the purpose of developing greater uniformity of action, a sug- 
gested policy for the Society with respect to exhibitions held in con- 
junction with meetings was prepared by the Committee and sub- 
mitted to the Board of Technology for consideration. 

The Annual Meeting which was held December 3 to 7, 1934, was 
generally satisfactory. Dr. John H. Finley, editor of the New York 
Times delivered the Calvin W. Rice Memorial Lecture, given to com- 
memorate Dr. Rice’s contribution to the development of international 
friendliness in the engineering profession. Because Dr. Rice’s ser- 
vices to the Society were outstanding in international relationships in 
that field. This memorial should be repeated as occasion is offered, 
as it was when Dr. Adolph Meyer of Switzerland was the lecturer at 
the Semi-Annual Meeting at Cincinnati. 

At the annual banquet the plan of securing as speaker a well-known 
and outstanding lecturer upon world affairs was extremely well 
received. To make it possible for members not attending the ban- 
quet to listen to the speaker, it was arranged that for a small entrance 
fee such members would be admitted to the banquet room. The 
plan worked moderately well, and it is hoped to develop it further. 

At the Annual Meeting a small registration fee was charged for non- 
members who were not invited to attend the Meeting. The plan 
serves to emphasize the value of the Society to the individual member, 
and it is hoped to develop it further. 

The meeting in Cincinnati was eminently successful in every way. 
Programs for both meetings were published in the publications of 


the Society and are to be considered as a part of this report by 


reference. 

The revised pamphlet, ‘‘Suggestions to Authors’’ has resulted in 
increased excellence of presentation of papers. The policy of printing 
papers in advance of the meetings has been continued with growing 
popularity. 

Council has allotted for all activities concucted under the super- 
vision of the Meetings and Program Committee for the year 1935- 
1936 the sum of $5700. This amount will be disbursed by the Com- 
mittee in such manner as to provide the greatest number of meet- 
ings. There are now scheduled the 1935 Annual Meeting to be held 
in December, 1935, the 1936 Semi-Annual Meeting at Dallas, Texas, 
as well as regional meetings in San Francisco and Niagara Falls 
also to be held during 1936. 

To enable a larger number of members to enjoy the ceremonies and 
addresses which have been scheduled heretofore on Tuesday evening 
of Annual Meeting week, known as ‘‘President’s Night’’ it has been 
decided to transfer some of these events this year to the Banquet 
night on Wednesday. The President's reception and the Presidential 
Address will be combined with the Banquet and followed by dancing. 
Tuesday evening will be designated as ‘‘Honors Night’ at which time 
the medals and honors will be presented, to be supplemented by one or 
two addresses or lectures of importance and current interest. 

The committee has studied the general programs of the individual 
Local Sections and has offered to the officers of the Sections sug- 
gestions for improving their programs and aid where suitable speakers 
could not be found locally. The Committee fostered a policy which 
will insure publication of Local Section papers that meet the stand- 
ards required of national meeting papers. 


Respectfully submitted, 


Rosert I. Rees, Chairman CuaRKE FREEMAN 
C. HutcHinson R. F. Gaae 
Harvey N. Davis D. C. Cory, Junior Representative 


PUBLICATIONS 


At the beginning of the fiscal year the Committee on Publications 
faced a further decrease in funds below the insufficient amount al- 
lotted for publications last year. This forced further curtailment in 
the services of the committee during the early part of the year, al- 
though there was no decrease in the number of papers being pre- 
sented and recommended for publication. The committee solicited 


the aid of the Professional Divisions in recommending for publica- 
tion only papers of outstanding quality and timeliness. The Ad- 
visory Board on Technology assisted materially in assenting to a 
policy for allocating available funds and space among the several 
technical-paper production agencies of the Society, a plan yet to be 
worked out in detail, and in urging Council to increase the allotment 
of funds for publication. 

Fortunately an increase in income, both from dues and advertising, 
enabled the Council to provide more money for publications during 
the latter part of the fiscal year. Members of the Society expect and 
are entitled to this direct evidence of an increase in available income. 
The Committee is continuing to urge the importance of all means for 
improving the quantity, quality, and timeliness of the technical 
publications of the Society and for enlarging and improving ‘*Me- 
chanical Engineering.” 


Suacestions or Sections DELEGATES 


From the Conference cf Locai Sections Delegates held in con- 
nection with the 1934 Annual Meeting the Committee received 
several suggestions and points of view, all of which were discussed 
and acted upon. 

The confusion existing regarding the name ‘Record and Index,”’ 
applied to a publication issued in several sections, only one of which 
was an index, was cleared up by adopting the name ‘‘Society Record” 
for the sections which are records and ‘‘Index”’ for the final section 
which is made up of indexes to the Transactions, Mechanical Engi- 
neering, and miscellaneous publications. 

The suggestion that a handbook of codes and standards be dis- 
tributed free to members was referred to the Advisory Board on Tech- 
nology. 

A suggestion of an assistant editor representing, and resident on, 
the Pacific Coast was noted but action was withheld for financial 
reasons. 

Comments and suggestions relating to publication policy, requested 
by the Committee and reported from the individual group conferences 
were noted and discussed. No serious objections to these policies 
were registered, but early in 1935 several individuals protested 
vigorously against the policy of including in Mechanical Engineering 
papers on non-technical subjects, particularly in economic, sociologi- 
cal, and management fields. The Committee attempted to explain 
its point of view to these critics, and pointed out that in practically 
every instance the papers on these subjects had been submitted by 
some official group within the Society, and that the Management 
Division, whose contributions were objected to on the ground ‘‘that 
they were not engineering,’’ was one of the largest groups in the 
Society. 

For several years the Committee has been alive to criticism of this 
sort and from time to time has attempted to secure opinions from 
widely distributed individuals and groups. In the spring of 1935 a 
“check list’’ was circulated among selected groups of junior members. 
One of the objects of this check list was to determine the distribution 
of reader interest. In all of these attempts to learn what readers want, 
results have been generally negative. That is, approximately as 
many do not care for non-technical articles as do. There are very 
positive statements of preference by some individuals on both sides 
of this question. It is hoped that the recent census of biographical 
and professional data will reveal patterns of member interest to guide 
in selecting material for Mechanical Engineering. 


TRANSACTIONS 


During the fiscal year 1934-1935 the Transactions contained 76 
papers, a total of 730 pages; these figures include three issues during 
1935 of the Journal of Applied Mechanics. 

In a memorandum to the Council dated July 2, 1934, it was pointed 
out that with the proposed budget of $18,000 it would be possible to 
publish only 64 papers. The Council, in noting the memorandum, 
expressed the opinion that a minimum of 100 papers per year was 
desirable and put itself on record as wishing to increase the budget 
for Transactic .s as soon as conditions would permit so that this 
number coula be attained. While the figure of 64 papers represented 
a calendar year, the number 76 actually published in the 12 months 
of the fiscal year shows how closely that desired number may be 
realized. 

During the summer of 1935 eight papers on hydraulic subjects, 
whose publication had been postponed because of lack of funds, ap- 
peared in the Transactions. 

Improvement in the Committee’s ability to publish papers resulting 
from meetings is shown in the record of the Cincinnati meeting. 
Either in Mechanical Engineering or the Transactions 32 of the 38 
papers for which manuscripts recommended by the sponsoring 
groups were received either were published or are shortly to be pub- 
lished. 
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‘JOURNAL OF APPLIED MECHANICS” 


Under the auspices of the Applied Mechanics Division, a board of 
editors, headed by John M. Lessells, has been providing material for 
the section of the Transactions known as the Journal of Applied Me- 
chanics. Three issues of the Journal, each of 40 pages, have ap- 
peared. The Journal, which goes to all members of the Society in 
good standing, to all subscribers of the Transactions, and to a small 
list of subscribers to the Journal only, has been departmentalized. 
The departments are: Technical papers; reviews of subject matter 
within the purview of the Division (to date largely sections of the 
Division’s 1934 Progress Report); design data, a section of material 
arranged for the immediate use of designers; book reviews; and dis- 
cussions of papers published in previous issues. 

The wealth of available material pressing for publication has 
proved embarrassing for the editors. At a meeting held in Ann Arbor, 
Mich., in June, it was decided to limit papers to six pages in order 
to make possible the publication of a greater number of papers. 

Sponsors of the Journal are of the opinion that the Journal is dis- 
tributed much more widely than the interest of those who receive it 
in the subject matter of the papers warrants. They would like to see 
the circulation reduced to include only those actually desires of 
receiving papers of this type. However, a promise was made at the 
1933 Annual Meeting to the members of the Society that every 
member would receive all Transactions papers. This implies that all 
members shall also receive the Journal. The Committee on Publica- 
tions believes that no change in this policy should be made. In 
holding this opinion the Committee has in mind not only the 1933 
pledge, but the belief that applied mechanics is fundamental to most 
mechanical-engineering practice. It feels that the wide distribution 
of all Transactions papers tends to hold the Society’s technical in- 
terests together, and it recognizes that the great number of youiger 
members, whose careers are still in the formative stage, are better 
served by ‘‘exposure”’ to a wide range of technical literature than by 
a too early specialization of interest in whet may be, for the indi- 
vidual, a temporary connection with a given field of practice. While 
the Committee would welcome the voluntary relinquishment of the 
privilege of receiving the Journal by members who have no use for 
such a publication, it does not wish to be placed in the position of 
requesting members to give up the Journal. Much less would it wish 
to make every member ask to have the Journal sent to him, a request 
that would not be in keeping with the 1933 pledge. 

In order to assist in financing the Journal, its board of editors has 
solicited funds from interested individuals and organizations. A 
summary of contributions is as follows: 


$1000.00 
157.00 

$1536.00 


The Committee has no way of estimating how much money can 
be collected from these sources during the coming year. 

The Committee views the Journal as being still in the experimental 
stage, and withholds its comment on the success of the venture. No 
criticism of the quality of the technical papers is implied nor intended 
by this statement, and the Committee wishes to record its deep ap- 
preciation of the enthusiasm and services to the Society of the Ap- 
plied Mechanics Division, the board of editors of the Journal, and 
John M. Lessells, technical editor of the Journal, on whom the burden 
of providing the material and soliciting the funds has fallen. 


Society Rrecorp 


Formerly known as the ‘Record and Index,’’ the present Society 
Recorc uas been issued from time to time as a supplement to the 
Transactions. With the February, 1935, issue of Transactions the 
Society Record contained a complete list of the Society’s committee 
personnel and other reference material as of the administration 
year that opened in December, 1934. There was thus provided at the 
earliest practicable moment as complete and up-to-date information 
on the Society’s committees as could be assembled. Heretofore 
these lists have been of historical interest only as they represented, 
not the current committee personnel, but that of the previous year. 

The scheme of issuing the Society Record in supplements to the 
Transactions makes it possible to distribute the information contained 
in the Record as soon as it is available, and also places a more uniform 
load on the editorial staff. The committee personnel, as already ex- 
plained, is published as soon as committee appointments have been 
made; reports of committees are published immediately following 
the end of the fiscal year and before the Annual Meeting; the 
indexes to publications apnear as soon as the December issues are 
off the press. Memorial notices of deceased members are issued 
during the summer. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


List 


For the first time since 1931 a membership list was published in 
December, 1934. It was distributed as a supplement to Transactions 
for December in order to save postage, and the format was conse- 
quently changed. 

The Committee feels that the effect on the members of the Society 
of resuming publication of the Membership List was distinctly favor- 
able and valuable. It was therefore with extreme regret that the 
Committee noted the vote of the Council at its Cincinnati meeting 
not to publish the Membership List in 1936. It sustains the hope 
that early resumption of the membership list as a regular annual 
publication will be ordered by the Council. 


‘“MECHANICAL ENGINEERING” 


Plans for the development and improvement of Mechanical Engi- 
neering still await increase in Society income from dues and advertis- 
ing, which will permit additions to an overburdened editorial staff. 
As already noted, the budget for Mechanical Engineering was in- 
creased during the summer, permitting the continuance of an average 
of 67 pages per issue, which otherwise would have been cut ma- 
terially. 

The revenue from advertising this year shows an increase over last 
year’s income. It has been understood that any gain should be 
applied to the publication, and additional funds were made available 
for publications as already noted. The Committee’s financial state- 
ment indicates what has been accomplished. 

The Committee has received from several sources queries on the 
relative proportions of subject matter in Mechanical Engineering. 
This led to an analysis covering about 17 issues which showed the 
following percentages: Technical papers, 54.3 per cent; professional 
matter, 14.7 per cent; general, 15.5 per cent; and departmental, 
15.5 per cent. It also sho:ved the following distribution as to sources 
from which the material was derived: Meetings and Program Com- 
mittee, 29 per cent; Professional Divisions, 26 per cent; Local 
Sections, 11 per cent; Society Committees, 10 per cent; joint activi- 
ties with other societies, 2 per cent; miscellaneous contributions and 
staff articles, including ‘Engineering Progress,’’ 22 per cent. 


Strupent BrRancuH BULLETIN 


For eight months during the school year the Student Branch 
Bulletin, a four-page publication, is distributed with Mechanical 
Engineering to the 3250 members of the Society’s 112 student 
branches. 

A hopeful experiment with this publication was inaugurated in 
September, 1935. A board of editors made up of junior members in 
the Metropolitan district has taken over the preparation of material 
for this publication. The following, from the initial issue, explains 
the objective: 

“The task of editing the ‘Student Branch Bulletin’ has been 
taken over by a committee of Junior members of the Society partly 
to relieve the publications staff, partly to provide an outlet for the 
energies of younger men, and partly with the hope that the result 
would be a publication more nearly tuned to the needs and desires 
of the student engineer.”’ 

The Committee wishes to acknowledge its gratitude to this com- 
mittee and to commend the spirit in which the young men have re- 
sponded to the opportunity to serve the Society in building up interest 
among student members. 


MECHANICAL CATALOG 


The 1935-1936 edition of the Mechanical Catalog marks the 
twenty-fifth year of reference service to industry. Improved in 
makeup, the issue for this year has over 10 per cent more pages of 
product descriptions than the preceding edition and a new index 
feature with the title, ‘‘Manufacturers’ List.'’’ The ‘Classified In- 
dex”’ in the volume has some 4000 product headings, carefully checked 
as to technical nomenclature. 


BrgenniaL Report 

In 1932, under the chairmanship of W. H. Winterrowd, the Com- 
mittee on Publications made an extensive study of its functions and 
problems and presented the results to President Lauer in the form of 
a comprehensive report. Among other recommendations of this 
report it was suggested that a similar report be prepared every two 
years During the spring of 1935 a new report was prepared and pre- 
sented to the Council at th» Cincinnati meeting. At the suggestion 
of President Flanders the report was assigned for study and dis- 
cussion at its October meeting. 


Stupy or Pustications Poticy 


Following the presentation of the Biennial Report to the Council 
the Committee on Publications continued its study of policies at a 
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meeting on September 6 as a result of more recent developments, 
among which was a suggestion that the A.S.M.E. News, suspended 
January 1, 1933, be resumed in some form. The Committee’s recom- 
mendations were presented to the Council at its October meeting. 


CONCLUSIONS AND RECOMMENDATIONS 


As is true of all Society committees, the work of the Committee on 
Publications has been seriously curtailed during the last few years. 
It wishes to emphasize the following points: 

1 Serious curtailment in funds for publication has had a cumula- 
tive and adverse effect on Society prestige and on merabership morale. 
Instances have been cited in annual reports of the committee where 
other agencies have published papers that should be a part of the 
Society's literature; of committees and divisions that are discouraged 
and dissatisfied because papers and reports considered by them to 
be valuable have not been published by the Society, and of groups 
that have financed their own publications in impermanent form 
with the result that they are quickly lost to future researchers in 
these fields. At the base of most publications problems lies lack of 
funds. 

2 Failure to provide adequate and timely publicity on the So- 
ciety’s activities has resulted in growing disinterest in the Society, 
ignorance and misunderstanding of what is being accomplished, and 
a consequent weakening of the morale of members, committees, and 
divisions. An effective house organ or publicity medium is urgently 
needed. Whether this should be an independent publication, as was 
the A.S.M.E. News, abandoned for reasons of economy a few years 
ago, or a development of the news function of Mechanical Engineering 
depends on other questions of publication policy. It is the opinion 
of the Committee on Publications that the Council should, as soon 
as possible, make provision for an effective and adequate method of 
giving publicity to the Society’s affairs. 

3 The Committee is eager to undertake its long deferred plans 
for developing and improving Mechanical Engineering, and earnestly 
solicits additional funds for this purpose. 

4 Assistance to the Committee’s continued study of its problems 
looking to long-time plans for development and improvement of all 
its publications is solicited. 


Respectfully submitted, 


S. W. Dupuey, Chairman 

W. F. Ryan, Vice-Chairman O. B. Scuter, 2p, Junior Adviser 
S. F. VoorHEees A. J. Dick1z 

M. H. Roserts E. B. Nona Members 
G. F. BATEMAN E. H. One 


LOCAL SECTIONS 


The administrative responsibility of the Committee on Local Sec- 
tions includes matters of finance as well as the correlation and general 
direction of Local Sections. It acts in a liaison capacity between 
Sections and Council, Professional Divisions, Research and Stand- 
ardization Committees, etc., to promote the interest of all. It directs 
and plans the activities of the Sections and maintains knowledge of 
these activities by rating, by report, and by personal contact whenever 
possible. 


GENERAL CONDITIONS 


Considering the industrial conditions of the country. the Local 
Sections may be considered to be in a satisfactory vondition, but they 
have suffered both from lack of sufficient funds and from loss of mem- 
bership and leaders. 

There is a certain unrest difficult to explain, partially due to inade- 
quate financing in maintaining desired and planned activities, with a 
consequent lag in interest; partially due to lack of intelligent leader- 
ship or initiative on the part of the Section Executive Committees. 
This, fortunately, is not the case in all Sections. Unrest is fostered by 
lack of knowledge of Society structure, affairs, and purposes. The 
members of the Committee on Local Sections have tried by personal 
contact to advise and educate members in these matters. 

The attendance of Sections Delegates both at Group Conferences, 
and at the Group Delegates’ Conference has been a matter of ex- 
treme concern to the Committee. The attendance has approximated 
60 per cent of that necessary, and nonattendance is due simply to 
inability of members designated as delegates to attend without serious 
financial loss to them under the present expense allotment. This is 
a serious matter to those traveling long distances, and a careful survey 
indicated that, on the average, every dollar supplied by the Society 
was matched by a dollar from the pocket of the delegate. This has 
never been expected nor required, and attendance will not be suffi- 
ciently large to permit these conferences to function properly or to 


voice adequately the advice, desires, and suggestions of the mem- 
bership unless some method is found to finance completely the 
delegate’s trip. 


Bupaget, 1935-1936 


The Committee regrets that the estimate of Society income was 
insufficient to allow the amount it requested and considered the 
minimum necessary for adequate Section operation. Requests for 
additional funds are frequent. This is a continuing indication of the 
insufficiency of funds necessary for constructive operation. Dis- 
satisfaction is expressed as to the disbursement of Society funds and 
is made the excuse for non-payment of dues. 


Group CONFERENCES 


Last fall only 53 out of 71 Sections were represented at the Group 
Conferences. Of these 53, six attended Conferences held in their 
home cities, therefore only 47 delegates actually traveled to attend. 
This was the cause of the low expenditure of delegates’ mileage, not 
a commendable saving. Every section is entitled to representation, 
but that result is secured only when delegates’ expenses are fully 
met. 

The superiority and advantages of these Conferences is increas- 
ingly evident in better developed agenda, and constructive sugges- 
tions to Council. The Committee feels that the work accomplished 
by these Conferences is most essential. 

The Committee approved the following method of electing dele- 
gates: ‘‘That at each Group Conference Meeting in 1935 two dele- 
gates be elected to attend the Delegates’ Meeting in New York in 
December, one delegate to be elected for one year and the other dele- 
gate to be elected for two years; and thereafter one delegate shall 
be elected each year for a term of two years, and be it further pro- 
vided: 

That the Senior Delegate in each Group shall automatically be- 
come Chairman of his Group Conference; and it shall be mandatory 
upon a Local Section to elect such Senior Delegate as its representa- 
tive to the Group Conference. In such instances the Section will be 
entitled to another delegate at the Group Conference.” 


Locat SECTIONS 


At the suggestion of the Committee on Policies and Budget, the 
Executive Committee of Council requested the Committee on Local 
Sections to make a study of the principle of redistricting Local Sec- 
tions along geographical lines perhaps better suited to the purposes 
and administration of the Society. The Committee made a com- 
plete study of the geographical significance, railroad fares, time of 
travel, and community of Section interest. Careful inquiry was 
made of Sections’ interests and desires, and several tentative group- 
ings were considered and investigated prior to the Sections Delegates’ 
Conference at Cincinnati. 

It was decided from this study by the Committee on Local Sec- 
tions and the Group Delegates that it would be difficult to develop a 
better arrangement than that of the present seven groups. Any 
increase in the number of groups would tend to increase expense, 
correspondence, postage, travel, exchange of information, details of 
operation, delay in obtaining action or approval. These are a few 
of the many factors involved. 


Stupent MEETINGS 


The Student Meetings held in 1934-1935 were unqualified successes 
from the standpoints of interest, college and Section cooperation, 
attendance, and technical papers. It is apparent that the students 
appreciate the attendance at these Conferences of members of Council, 
staff, and standing committees. Fortunately it was possible for 
President Ralph Flanders to attend and address some of the Con- 
ferences. This interest shown by the officers of the Society is most 
impressive to the student. Such contacts are an inspiration to both 
students and members, and will bear fruitful results. The Commit- 
—— it were possible for such contacts to be made a permanent 
policy. 


ScHEDULE AND Pace or Group CONFERENCES IN 1935 


Place Tentative date 
Group I, Providence October 26-27 
Group Ii, New York November 1-2 
Group Ili, Ithaca 


Committeeman to attend 
Ernest Hartford 
Ernest Hartford 

October 26-27 R. E. W. Harrison 


Group IV, Chattanooga October 26-27 W. R. Woolrich 
Group V, ‘Columbus October 27-28 D. B. Prentice 
Group Vi, St. Louis November 2-3 D. B. Prentice 
Group VII, Spokane November 8-9 W. L. Dudley 


Sem1-ANNUAL IN 1936 
Upon the invitation of E. W. Burbank, Chairman of the North 
Texas Section, Council scheduled the 1935 Semi-Annual Meeting at 
Dallas, Texas, to be held during the third week of June. 
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TABLE 1 SUMMARIZED LOCAL SECTIONS’ ACTIVITIES 1934-1935 
(Based Upon Estimates Made According to the Scale of Measurements) 


(b) Service to Society 


A B D tio oop- Func- ection 
Ratio new eration Per- tioning result, 
Exec. Assigt. Aid to unpaid Mem.tc with formance ofin- General points 
No. of comm. to Junior Student total total head- te) dividual ct. or 
Section meetings meetings Mem. Mem. Total(a) Mem. Mem. quarters delegate Mem. activity Total (b) per cent 
Akron-Canton............- 135 95 95 95 420 65 20 20 100 65 150 420 840 
Anthracite Leh. Valley..... 1 100 25 50 325 32 17 20 120 50 130 369 694 
150 100 20 100 370 20 22 20 100 55 156 367 737 
a) ees earns 150 100 50 70 370 65 20 25 120 60 200 490 860 
75 100 0 50 225 50 50 15 50 50 200 415 640 
OS ee 38 50 25 0 113 id 18 10 0 25 50 113 226 
20 ee eee 150 100 25 25 300 50 20 20 120 50 150 410 710 
Cincinnati. . 150 100 100 50 400 60 13 25 120 75 150 443 843 
Cleveland. . > 0 100 100 100 450 40 20 25 120 75 160 440 890 
Colorado... 150 100 100 50 400 55 22 25 120 50 200 472 872 
Dayton.... 150 50 0 0 200 40 8 15 0 25 100 188 388 
OS Sere eee 150 100 100 75 425 100 30 25 120 75 180 530 955 
_, Ree 75 100 225 50 40 25 i20 25 100 360 585 
ae 120 75 60 100 355 41 23 20 100 60 150 394 749 
Nr eee 75 25 0 100 78 15 5 75 75 75 323 423 
Nee erro 150 100 20 75 345 33 30 20 120 50 125 378 723 
_ __ See 150 75 25 25 275 55 21 15 50 120 311 586 
90 80 50 80 300 40 10 15 96 25 100 286 586 
150 100 75 75 50 30 25 120 50 110 385 785 
rene 150 100 20 100 3 40 28 25 120 70 110 393 763 
150 100 75 50 375 100 10 25 120 75 180 510 
OE 150 100 0 75 325 72 18 20 100 50 175 435 60 
Metropolitan............. 150 100 100 80 410 39 18 23 120 80 180 460 870 
Mid-Continent............ 150 100 90 55 395 67 13 20 120 50 150 420 815 
nak nsec ass 110 75 30 50 265 70 25 15 100 50 100 360 625 
8 eae 150 100 0 250 75 20 25 120 60 175 475 725 
ere 150 100 30 100 380 50 30 25 120 65 175 465 845 
a eee 150 100 0 75 325 62 21 15 120 50 125 393 718 
— oe. = oo ae 100 25 75 350 40 20 20 120 50 105 355 705 
Ontario.... 150 100 50 80 380 40 12 20 100 50 150 372 752 
Philadelphia.............. 150 100 85 70 405 55 30 22 118 7 185 480 885 
ae 150 100 50 0 300 50 30 25 120 75 130 430 730 
15 100 75 75 400 75 15 25 120 75 200 510 910 
75 50 50 325 80 11 25 120 2! 80 341 666 
Rock River Valley........ 150 100 50 30 330 70 18 25 0 40 200 353 
Orr ree 150 100 50 50 350 75 50 25 80 75 120 425 775 
Bat PrGesiee. ........5005 150 100 100 100 450 65 17 25 120 75 180 482 932 
NS eee 150 100 90 35 375 50 30 25 120 75 135 435 810 
150 100 0 0 250 25 18 20 120 20 65 268 518 
— SCS epee -. 150 100 50 75 375 50 20 25 120 75 175 465 840 
Western Mass........ Sia eta ae: 100 0 0 250 20 22 25 60 50 100 277 527 
Worcester......... -. §60 100 50 50 350 50 22 20 120 75 200 487 837 
ee ere ee 150 75 10 0 235 60 30 18 80 50 130 368 603 


ReGionaL Meetinas, 1935-1936 


The Committee on Local Sections has received an invitation from 
the Buffalo Section to hold a Regional Meeting at Niagara Falls, 
now schedu’ed tentatively for September, 1936; also an invitation 
from San Francisco to hold a Regional Meeting there in March or 
April, 1936. This will be accomplished by expanding plans for a 
western meeting of the Machine Shop Practice Division to include 
other Divisions. 


MANUAL FOR THE OPERATION OF A SECTION 
The ‘‘Manual for the Operation of a Local Section’’ has been re- 
vised and distributed to officers of Local Sections. 
REVISION 


The method of rating and recording the activities of a Local Section 
as regards its service to the membership, and its service to the Society, 
which has been in use by the Committee since 1933, has proved ex- 
tremely useful both to the Sections themselves in evaluating activities 


and personnel, and to the Committee in guiding and planning the work 
for any particular Local Section. 

The ‘‘Scale-of-Measurement”’ has been revised and simplified. It is 
believed the change has improved its utility, and that it will be of 
more positive value. 


JUNIOR PROGRAM 


The Committee has been vitally interested in the useful participa- 
tion of the Junior Member in the activities of the Local Sections, and 
concerned for his reception by the members of the profession and the 
members of the Society. An intelligent solution for the adequate 
reception and participation of the Junior must be found, and the 
Committee on Local Sections is interested in planning intelligently 
toward this end. 

President D. B. Prentice of Rose Polytechnic Institute, a member 
of the Committee on Local Sections, and Chairman of the Committee 
on Junior Members which cooperates in this work, presented from 
this committee eight recommendations for stimulating and main- 
taining the interest and participation of the Juniors in the Society. 
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TABLE 2 LOCAL SECTIONS VISITED BY MEMBERS OF THE COMMITTEE ON LOCAL SECTIONS, 1934-1935 


W. L. DupLey E. Harrrorp 

Section Chairman R. E. W. Harrison W. R. Wootrica D. B. Prentice Secretary 
Mar. 1935 Mar. 1935 (Resident) Mar. 1935 Mar. 1935 
Dec. 1934 Dec. 1934 Dec. 1934 Dec. 1934 (Resident) 


Nore: Mr. W. W. Macon attended the -.anual Meeting in December, 1934, in New York City. He died on January 1, 1935. 


Their accomplishment is a planning responsibility of which the Com- 
mittee is keenly aware. It appreciates both the work and sugges- 
tions of the Junior Committee and promises its utmost in cooperation. 


CoopERATION WiTH STUDENT BRANCHES 


The Committee recognizes its obligation to Student Members and 
Branches through staff contacts such as were made by its secretary, 
Ernest Hartford in his recent trip. The fine cooperation of the 
Local Sections whose members have arranged for attendance at 
Student Branch Meetings, the attendance of students at Local Sec- 
tions Meetings, and the participation of students in inspection trips 
arranged by Sections all show the spirit of cooperation. Many 
Local Sections offer prizes to win the active interest of undergradu- 
ates. 


Joint Meetinas or SECTIONS 


Sections are encouraged to hold joint meetings with the local engi- 
neering organizations and clubs, or sections of other national engi- 
neering societies. Through these joint meetings a community of 
interest is fostered and developed. Much of the investigation and 
development of the problem of engineering registration has resulted 
from them. 


EMPLOYMENT SERVICE 


The Society undertakes to assist members to secure positions, 
maintaining offices in New York, Chicago, and San Francisco, with 
the cooperation and help of other National Societies. The Local 
Sections have cooperated to the fullest in extending the service to 
engineers and employers. 


CoopeRATION WiTH Oruer A.S.M.E. Activitizs 


During the last few years the Standing and other Committees of 
the Society hav» felt keenly the need and perceived the necessity for 
cooperation to correlate their efforts and activities, that the greatest 
good might be obtained from their respective efforts. An effort is 
being made to realize this aim. 

In rm )st cases the Local Sections are the outlet for putting into 
effect many of the activities of the various Committees in their 
planned programs and activities. 

The work of the Professional Divisions of the Society is invaluable 
to the Local Sections, as they are equipped to supply planned techni- 
cal programs to be presented before Local Sections, or before meet- 
ings sponsored by Professional Divisions and held with the approval 
and cooperation of the Local Sections. Such meetings have been 
successful, but there still remains a large opportunity for the Profes- 
sional Divisions to submit developed programs of a strictly technical 
nature which can be utilized in planning for comprehensive Sections 
programs. 

This procedure was suggested to the Professional Divisions by the 
Advisory Board on Technology on January 12, 1935. Such programs 
when submitted will be distributed to those Sections within whose 
sphere of interest the subjects lie. 


INVENTORY AND PLANNING 


Local Sections are encouraged to devote some of their meetings to 
the branches of industry dominant in their locality, and to matters of 
public interest where the mechanical-engineering profession can make 
a contribution. 

A most effective way in which the members of the Society can at- 
tack the problems confronting them is by adopting a program for 
Section activities in which those well-informed persons available to 
a Section may analyze the problem, thus providing suitable papers for 
discussion. 

The Committee offers some thirty topics for which qualified speak- 
ers are available. These topics are intended to supplement pro- 
grams of the Divisions and include such general topics as ‘‘American 
Manufacturing Technique in Competition With the World,” “‘Engi- 
neering Functions in a War-Time Procurement Program,” ‘The 
Effect of the Business Cycle on Engineering Activity,’’ ‘‘Rail- 
roads From the Lay Engineers’ Viewpoint,”’ “‘Competition Between 
Industries,’’ and many others of a similar trend. 

The Committee has, after considerable study, outlined and put 
into action a planned program for the Local Sections. This planning 
is an effort to chart the course of the activities related to Local Sec- 
tions and includes the following items: 

Junior program and Section program; Section administration; 
Group conferences; membership development; Section policies; 
employment; joint relationships; field offices; cooperation with 
engineering faculties; representation on A.S.M.E. Council by geo- 
graphical groups of Sections; services and development program for 
personnel; work of Engineers Council for Professional Develop- 
ment; cooperation with American Engineering Council; Student 
Branches; Meetings and Program; Professional Divisions; local 
engineering societies; registration of engineers; and legislation affect- 
ing engineers activities. 

This program is to be fully developed in the Group, Annual, and 
—— Meetings by the delegates, and put into effect by 

em. 

The chairmen and executive committees of all Local Sections have 
had submitted to them a preamble of objectives for Local Section 
development to be supported by (a) The work of inventory; (5) 
Evolving a planning procedure; (c) The execution or realization of 
this plan into a working program. 

The planning procedure and the hoped-for execution has been 
outlined above. The work of inventory is a careful summation of the 
possibilities inherent in the local Section that can be intelligently 
utilized, each possibility to be developed by a committee of the Sec- 
tion. This hasa multiple purpose. It is to acquaint the members by 
Committee service of the functions of their Section, and their applica- 
tion to Society and public service. This in itself provides an activity 
of extreme importance to the members, the Section, and the Society 
and gives a knowledge of the work upon which the Society is engaged. 


Locat Sgctions Papers 


The Advisory Board on Technology states that worth-while papers 
presented at meetings of Local Sections will continue to receive 
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TABLE 3 MEMBERSHIP LOCAL SECTIONS, APRIL 1, 1935 
Members 
Total membership in good Meetings 
Section Apr. 1,'35 Oct. 1,'34 standing 1934-35 
Akron-Canton...........:. 119 108 80 3 
Anthracite Leh. Valley..... 201 205 133 3 
78 70 47 2 
ae 164 158 118 7 
Birmingham.............. 55 51 45 3 
551 501 394 5 
Bridgeport........ Seabee 105 107 2 
RE rs 166 162 121 3 
61 51 47 1 
33 23 18 1 
SE 18 14 13 1 
Chicago..... = : 711 639 3 
Cincinnati... 193 199 151 5 
Cleveland... 255 238 178 14 
Colorado.... 94 84 71 7 
Columbus... 75 79 5 
ayton..... 63 73 45 3 
ere 388 356 282 4 
RES eae 76 55 54 3 
Green Mountain......... . 37 37 28 1 
44 26 28 1 
111 101 85 4 
113 112 74 2 
000000000 105 115 73 1 
Inland Empire............ 16 21 10 8 
111 89 75 7 
9 39 34 1 
35 34 24 4 
_ 24 28 15 0 
AS 25 25 14 1 
Metropolitan.............. 3,707 3,459 2,518 26* 
Mid-Continent............ 138 148 3 
173 196 151 5 
96 92 63 3 
54 32 44 4 
47 35 24 
See 86 88 54 3 
New Orleans.............. 93 83 75 6 
North Texas. oS 54 50 38 2 
Norwich... 38 30 26 3 
Ontario. . 82 86 58 3 
Oregon.... 53 52 27 1 
884 771 636 
SS ar 395 365 294 4 
| eee 211 217 148 4 
159 134 124 7 
20 31 17 3 
Rock River Valley......... 49 43 32 9 
98 99 69 5 
St. Joseph Valley.......... 32 35 21 1 
San Francisco............. 337 337 244 6 
16 15 13 1 
NS eee 167 173 121 19 
Susquehanna.............. 66 67 50 1 
65 62 48 4 
27 26 21 4 
14 26 8 0 
Washington, D. C.......... 194 162 149 6 
81 72 63 3 
Western Mass............. 98 95 60 + 
87 77 54 6 
Lu 64 61 47 0 
148 138 111 8 
be 49 67 42 4 
12,819 12,155 9,085 301 


Membership in Society, April 1, 1935, 14,650 
Membership in Sections, April 1, 1935, 12,819 
Membership in Society, October 1, 1934, 14,227 
Membership in Sections, October 1, 1934, 12,155 


* In addition to 64 separate Junior activities. 


special consideration by the Committee on Publications, and the Edi- 
tor of ‘‘Mechanical Engineering.”’ 


MiIpwEst OFFICE 


The Committee on Local Sections is glad to express the apprecia- 
tion of the Sections and Student Branches in the Midwest of the fact 
that Council has continued the Midwest Office. Many activities and 
members have found the services of that office of value. 


Deatu or W. W. Macon 


Last January Mr. Macon, whose years of effort in behalf of the 
Society had culminated in his service on the Committee on Local 
Sections, passed away suddenly and unexpectedly. Your Com- 
mittee expresses its deepest regret at his loss which it and the Society 
feel very keenly. ll will miss his analytical ability and kindly 
humor, both given so freely in the service of the Society. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


In ConcLusIoNn 

Your Committee expresses its gratitude to the many sincere and 
conscientious officers and executive committees of the Local Sections 
in the many centers of the country for their generous cooperation, 
and also to the officers, staff, and Council of the Society, together 
with the Standing Committees for their help in, and their sym- 
pathetic understanding of, the many problems with which the mem- 
bership is confronted. 


Respectfully submitted, 


Lyte Dup.ey, Chairman 
R. E. W. Harrison 


W. R. 
D. B. Prentice 


PROFESSIONAL DIVISIONS 


The Professional Divisions have had a successful year during 1934- 
1935. The outstanding accomplishment was the publication quar- 
terly of the Journal of Applied Mechanics and the financial contribu- 
tions secured by that Division from outside sources to increase the 
number of technical papers to be published. 

During the year five national division meetings were successfully 
held by the following Divisions: Oil and Gas Power, May, Tulsa; 
Applied Mechanics, June, Ann Arbor; Graphic Arts, June, Cincin- 
nati; Machine Shop Practice, September, Cleveland; Aeronautic, 
October, St. Louis. In addition the Textile Division assisted the 
Greenville, 8. C., Section in holding a Southern textile meeting. The 
programs of these meetings were effectively organized with the close 
cooperation of the Sections and the Divisions. For the Aeronautic 
meeting special credit is due to the St. Louis Section for arranging 
preprints of the meeting papers in pamphlet form. 

The Professional Divisions were particularly active during the 
year in organizing large technical programs for the Semi-Annual and 
1935 Annual Meetings. There was a noticeable improvement in 
cooperative activities between the Divisions, more sessions having 
been jointly organized. At the 1934 Annual Meeting the Standing 
Committee successfully arranged the presentation of a joint progress 
report of the power divisions. This was presented at the close of 
one of the power sessions by C. F. Hirshfeld, who was assisted in the 
preparation of his report by the following Divisions: Fuels, Hydrau- 
lic, Oil and Gas Power, and Steam Power. It is planned to increase 
this type of cooperation. 

An effort was made by the Divisions during the year to assist the 
Local Sections in securing speakers for local meetings. The Railroad 
Division took the lead in this line of endeavor by organizing a special 
committee whose members were well distributed over the country 
and by notifying the Sections that these members were available as 
speakers for local railroad meetings. The Management Division was 
also active in assisting in coordinating local management meetings, 
particularly in New York and Boston. The Machine Shop Practice 
Division encouraged the Sections to hold meetings on the subjects of 
welding and casting. 


Division ACTIVITIES 


Aeronautic Division. The Aeronautic Division held its National 
Meeting in October at St. Louis, Mo., under the auspices of the St. 
Louis Section. Over thirty-five papers were presented at thc meeting 
and they were published by the Section in a photo-offset pamphlet, 
which was sold for $1.50. The Spirit of St. Louis Medal was awarded 
posthumously at the meeting to Will Rogers for his splendid work in 
advancing aeronautics. 

Other activities consisted of holding a session at both the Semi- 
Annual and the 1935 Annual Meetings and in assisting several Local 
Sections in holding local aeronautic meetings. The Division has a 
special Subcommittee on Industrial Aerodynamics and is actively 
assisting both the A.S.M.E. Committee on Aircraft Safety and In- 
spection and the Aviation Committee of the American Engineering 
Council. 

Applied Mechanics Division. The Applied Mechanics Division 
held its National Meeting on June 18 and 19 at the University of 
Michigan, Ann Arbor, Mich., under the auspices of the Detroit Sec- 
tion. Thirteen papers were presented at the meeting. The Divi- 
sion is sponsoring or participating in sessions at the 1935 Annual 
Meeting. It has six special subcommittees: elasticity, strength 
of materials, plasticity, dynamics, mechanics of liquids and gases, and 
thermodynamics. 

This year saw the publication of the Journal of Applied Mechanics 
as a separate quarterly under the auspices of the Society. The Divi- 
sion secured nearly $2000 in special donations to assist in publishing 
more technical papers. This, however, does not as yet take care of 
the quantity of valuable papers that are presented, and the Division 
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has recommended that the Journal be sent only to those members 
eae it so as to conserve funds for publication of additional ma- 
terial. 

The Division is also undertaking a study of symbols and abbrevia- 
tions used in applied mechanics, in cooperation with other interested 
groups, as a preliminary step in the preparation of a list which will be 
— to a majority and form the basis of a recommended stand- 
ard. 

Fuels Division. The Fuels Division arranged two sessions at the 
Semi-Annual Meeting and two sessions at the 1935 Annual Meeting. 
During the year the Special Subcommittee on Fly-Ash and Cinders 
continued its survey to secure data that industry had accumulated. 
The Pure Air Committee has continued its activities. The Fuels 
Division is also cooperating with the A.I.M.E. in the work of the 
Committee on Fuel Values. This Committee has three special sub- 
committees on effect of ash on Btu, effect of fusion temperature 
of ash on fuel value, effect of sulphur with special reference to corro- 
sive effect. 

Graphic Arts Division. The Graphic Arts Division is the new 
name adopted this year for the former Printing Industries Division. 
The Division held its National Meeting as part of the Semi-Annual 
Meeting. Ten papers and lectures were presented at the National 
Meeting, which was held jointly with the Graphic Arts Research Bu- 
reau. The Bureau was organized at the Division’s National Meet- 
ing in Philadelphia in October, 1934. The object of the Bureau is to 
coordinate, stimulate, and sponsor research in the Graphic Arts field. 
The Bureau at its Cincinnati meeting voted to request affiliation with 
the Society. Membership in the Bureau consists of about 400 indi- 
vidual members and three affiliated organizations. The Bureau and 
the Division are planning a National Meeting to be held in Wash- 
ington, D. C., in March or April, 1936. 

Hydraulic Division. The Hydraulic Division held a session on 
Hydraulic Turbine developments at the Semi-Annual Meeting in 
Cincinnati. At the 1935 annual meeting, two sessions will be de- 
voted to the study of Cavitation and have been arranged in coopera- 
tion with the Power Division of the A.S.C.E. and the Applied Me- 
chanics Division of the A.S.M.E. 

The Division is continuing the activities of the Water Hammer 
Committee and has secured the cooperation of many prominent 
engineers in other societies and in various foreign countries. Plans 
are being completed for a second symposium on Water Hammer in 
December, 1936. 

Iron and Steel Division. The Iron and Steel Division held one 
session at the Semi-Annual Meeting and two sessions at the 1935 
Annual Meeting, one of which was held jointly with the Applied Me- 
chanics Division. 

Machine Shop Practice Division. The Machine Shop Practice 
Division held four sessions and cooperated with the Railroad Division 
in a fifth at the Semi-Annual Meeting. For the 1935 Annual Meet- 
ing two sessions are planned and a joint luncheon with the Job Shop 
Committee of the Management Division. The Division also co- 
operated in the Machine-Tool Congress held in Cleveland, Ohio, and 
jointly with the Cleveland Section, held two evening meetings on 
September 10 and 11. At the beginning of the year the Lubrication 
Engineering Subcommittee of the Petroleum Division was transferred 
to the Machine Shop Practice Division and reorganized. Other 
subcommittees are: foundry, welding, and machine design. The 
Division also has liaison connection with the Research Committee on 
Cutting Metals, Cutting Oils, and Gears. The Foundry Committee 
together with the Birmingham Local Section and the American 
Foundrymen’s Association held a two-day meeting on February 28, 
and March 1, 1935. Several Local Sections held meetings on the 
subjects of welding and casting as a result of the Division’s sugges- 
tions and cooperation. These meetings were well attended and 
created considerable interest. 

Management Division. The Management Division sponsored 
three sessions at the Semi-Annual Meeting and is sponsoring four 
sessions at the Annual Meeting as well as cooperating in a luncheon 
and one other session. The Division has started work on a Supple- 
ment to the Bibliography of Management Literature to cover litera- 
ture published from January, 1931, to date. 

The Management Division assisted the National Management 
Council in securing papers for the Sixth International Congress for 
Scientific Management held in London, England, during July, 1935, 
and on behalf of the National Management Council planned and or- 
ganized a series of nine joint meetings to be held in the New York 
Metropolitan area during 1935-1936 in which local sections of ten 
societies and associations interested in managerial affairs will partici- 
pate. 

During the past year the Waste Elimination Committee has been 
active in sponsoring sessions at the Semi-Annual and Annual Meet- 
ing. 


RI-95 


The Job Shop Management Committee is to hold a joint meeting 
with the Machine Shop Practice Division at the coming Annual 
Meeting and it has developed considerable interest in Job Shop Man- 
agement problems by sending out several questionnaires during the 
year. 

The Marketing Committee has undertaken a national survey to 
determine the present status of marketing research in industry and 
has also in the course of preparation a Bibliography of Literature on 
Marketing Research. 

The Division has the following subcommittees: Economics, hu- 
man relations, job shop management, management research, market- 
ing, quality control, time and motion study, waste elimination, and 
statistics in industry. It has representation in the National Manage- 
ment Council. 

Materials Handling Division. The Materials Handling Division 
was active this year for the first time in several years and sponsored 
three sessions at the Semi-Annual Meeting in Cincinnati. 

Oil and Gas Power Division. The Oil and Gas Power Division held 
its Eighth National Meeting on May 8 to 11, 1935, in Tulsa, Okla., 
in cooperation with the Mid-Continent Section. There were pre- 
sented nine technical papers which were preprinted in the Oi and Gas 
Journal and Diesel Power. The division will have a session at the 
1935 Annual Meeting. 

The special Subcommittee on Oil-Engine Cost will present its 
seventh yearly report at the 1935 Annual Meeting. This report for 
the year 1934 covers over one hundred and fifty plants. The report 
is available in pamphlet form and may be purchased from the Society. 

Petroleum Division. The Petroleum Division is holding a session 
at the 1935 Annual Meeting. The subcommittees were active in the 
Mid-Continent area and a series of local meetings was held in Tulsa. 
The Subcommittee on Lubrication Engineering was transferred this 
year from the Petroleum Division to the Machine Shop Practice Divi- 
sion. The Division is planning a national meeting next year to be 
held at the time of the Petroleum Exposition in Tulsa, Okla., in 
May, 1936. 

Power Division. The Power Division held two sessions at the 
Semi-Annual Meeting and has planned three sessions at the 1935 
Annual Meeting besides a cooperative session with the Applied Me- 
chanics Division. The Industrial power group has planned to hold, 
at the 1935 Annual Meeting, its usual Wednesday luncheon confer- 
ence. Among the special research committees in the power field the 
Boiler Feedwater and Steam Research committees are planning to 
hold sessions at the 1935 Annual Meeting. 

Process Division. The Process Industries Division continued its 
active role during its second year. At the Annual Meeting the Sub- 
committee on Sugar will hold a session, its Subcommittee on Heat 
Transfer will hold two sessions on radiant heat and cooperate in a 
third session. The Subcommittee on Drying presented at the Semi- 
Annual Meeting its recommended practice on Testing Drying Equip- 
ment and is sponsoring a session on Dust Separation at the 1935 
Annual Meeting. The Air Conditioning Subcommittee held a 
Metropolitan Section meeting in October. The Heat Transfer Com- 
mittee has issued in pamphlet form the previous papers presented at 
its sessions. The Division has developed relations with the American 
Institute of Chemical Engineers and the American Ceramic Society 
both of which have appointed liaison representatives. 

Railroad Division. The Railroad Division held a joint session with 
the Machine Shop Practice Division at the Cincinnati Semi-Annual 
Meeting and has planned to hold at the 1935 Annual Meeting two 
sessions, including a symposium on Railroad Lubrication. Besides 
this the Division will hold a joint session with the Applied Mechanics 
Division. During the year the Division organized in order to assist 
certain Local Sections that might appropriately hold local railroad 
meetings. 

Textile Division. The Textile Division plans to hold its session at 
the 1935 Annual Meeting in cooperation with the Graphic Arts and 
the Management Divisions. There will also be the usual luncheon 
conference after the Annual Meeting session. The Division assisted 
the Greenville Section of the Society in holding a meeting there on 
April 10 during the Southern Textile Exposition. This meeting was 
to have been held in October, 1934, but was postponed until the spring 
of 1935. 

Wood Industries Division. The Wood Industries Division held a 
two-session symposium on Wood Housing at the Cincinnati Semi- 
Annual Meeting. The Division is holding a session at the 1935 An- 
nual Meeting on Modern Timber Construction. 


Respectfully submitted, 


W. A. SHoupy, Chairman 
K. H. Conpit 
G. B. Pe@ram 


Crossy 
L. K. 
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MEMBERSHIP 


The Committee on Membership submits the following statistical 
report covering the recommendations of the Committee to Council 
during the fiscal year October 1, 1934, to October 1, 1935: 


REPORT 
The Committee on Membership held twelve regular monthly meet- 
ings during the fiscal year 1934-1935. 
The following are the applications considered in the transaction of 
its work and a summary showing the action taken: 


Applications 137 
Special cases before Council.................0c0.ececeee 57 
Applications received during fiscal year 1934—-1935...... .. 2206 

Total applications handled during the year 1934-1935... 2400 
Recommended for 2222 
Withdrawn, incomplete, and canceled.................... 40 
Applications pending October 1, 1935.................... 131 

Total applications handled during year 1934-1935...... 2400 


The 2222 recommended for membership were divided into the 
following grades: 


Transfers from Student Member to Member.............. 1 
Transfers to 107 
Transfers from Student Member to Associate-Member.... . 2 
Transfers from Student Associate to Junior............... 76 
Transfers from Student Member to Junior................ 1596 
Total new members recommended....................-. 2026 


During the fiscal year 1934-1935 the Committee on Membership 
made the following recommendations: 


Transfers from Student Member to Junior declared void... 735 
Elections to other grades declared void.................. 28 


Total elections declared void............. 


During the year closing, the Committee has devoted a portion of 
several meetings in addition to special meetings to joint discussion 
with the Secretary and also representatives of other Committees in- 
terested in effecting the proposed changes in the Constitution and 
By-Laws! pertaining to Membership, as the Amendments now ap- 
pear on page 532 of the August, 1935, issue of Mechanical Engineering. 

Certain changes in the By-Laws have been suggested by the Mem- 
bership Committee, including the recommendation that the title of 
the Standing Committee on Membership be changed to the Stand- 
ing Committee on Admissions. 

A canvass of all Local Sections was initiated through a letter of 
April 5, 1935, from the chairman of the Committee on Membership to 
the chairmen of the Loc:.! Sections, requesting a report from the 
Executive Committees sta).ing whether or not they wish, in the future, 
to receive a copy of the vrofessional record of every applicant for 
membership within their respective territories. 

The following response resulted: Thirteen replies were received in 
which four wish full copy of record, and nine wish only special cases 
referred to them. 

A new reference form for new members and transfers has been 
adopted. 

The committee now has under consideration the policies which 
will govern the effective administration of its work of passing on 
applications not only for the proposed grade of Fellow but for all 
other grades in order to maintain the highest standard obtainable. 


Respectfully submitted, 


H. A. LARDNER, Chairman L. R. Forp 
R. H. McLain F. C. SPENCER 
C. L. Davipson O. E. Gotpscumipt, Advisory 


Member 


CONSTITUTION AND BY-LAWS 


For some little time it has been appreciated that there should be 
somewhat more uniformity in the admission requirements for the 


1 See Report of the Committee on Constitution and By-Laws, page 8. 


several grades in the national engineering societies and recommenda- 
tions have been made from time to time that our Society and others 
should add the grade of Fellow to give recognition to the senior engi- 
neers who have achieved distinction in the engineering field. 

To meet these needs the Committees on Policies and Budget, and 
Membership, at the request of Council, submitted to the Committee 
on Constitution and By-Laws a draft of suggested amendments along 
these lines, which amendments as revised were submitted to the 
membership in the usual printed ballot form in August, 1935, for 
vote to be announced at the Annual Meeting in December. 

The new articles of the Constitution divide the membership into 
two groups, the first, including all of the voting members, is to be en- 
titled the ‘‘Corporate Membership”’ which consists of the new grade 
of Fellows, the Members, and the Junior Members. The second 
group will also include three grades, namely, Honorary Members, 
Associates, and Student Members. 

The requirements for Fellow are such as to insure that the grade 
shall have the proper distinction. It is not necessary that one should 
be able to meet the full requirements if exceptionally qualified because 
provision has been added that the Council may, by unanimous vote, 
elect a Fellow who has distinguished scientific attainments. In order 
to form the nucleus of Fellow a temporary provision permits any past 
or present member of Council to apply for the grade of Fellow and if 
properly qualified to become a Fellow automatically. This section 
was a controversial one but in the form submitted to the membership 
is thought to be in accord with the wishes of the membership at large. 
The Associate Members have been advanced to the grade of Member 
if over thirty years of age and will be automatically advanced upon 
reaching that age so that in a few years the present grade of Associate 
Member will be abolished. 

The new amendments to the By-Laws which have been reviewed 
and proposed for approval by the Council include a change in the 
title and duties of the Standing Committee on Membership and in a 
rewording of Paragraph 3 of Article B14 providing that the income 
from initiation fees shall not be used for current expenses but shall 
be added to the surplus at the close of each fiscal year. This change 
makes no real alteration in the method of handling funds but does 
simplify the bookkeeping and will aid the auditors in their annual 
report. 

Respectfully submitted, 


H. H. Sneuurne, Chairman 
RicHarp Jr. 
Hersert B. Lewis 


Wa. H. KavanauGu 
R. D. BrizzoLaRa 
G. N. Coie, Junior Adviser 


RELATIONS WITH COLLEGES 


The past year was notable in the history of the Committee because 
of the fact that it saw the completion of the new plan and of chang- 
ing from the old system of operating Student Branches to the new. 
This was accomplished through the introduction of the plan in the 
early part of the college year when a visit was made by a representa- 
tive of the Committee to each of the colleges which comprise Groups 
VI and VII. 

Naturally the number of members in Student Branches enrolled 
under the new plan increased considerably and reached a total 
membership of 3250. This further development of the plan was 
sufficient to encourage the presentation at the Semi-Annual Meeting, 
Cincinnati, of an amendment to the Constitution of the Society pro- 
viding for the grade of Student Member, and also to suspend the 
initiation fee of these Student Members who transfer to the grade of 
Junior within a limited time after graduation. In the 112 colleges a 
total of 336 meetings were held. 

The economic conditions of the country, while improved, have not 


TABLE 1 COMPARISON OF BRANCH ACTIVITIES BY GROUPS 


Avg Avg 

No. of no. meetings attendance 

Group branches per branch per meeting 
15 7 42 
II 18 4 41 
III 51 8 37 
IV 16 5 39 
17 6 54 
VI 15 6 36 
VII 15 5 24 


Puerto Rico 


created a sufficient demand for recent graduate engineers to show 
any marked increase in the number of Student Members transferred 
to the grade of Junior upon graduation. Of 1318 Student Members 
graduated with the class of 1934, 530 completed their transfer to 
Junior membership by the payment of the initiation fee. The loss of 
the remaining 800 can be accounted for largely because of the eco- 
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TABLE 2 GROUP MEETINGS, 1935 


Grovp I, New StupeNT MEETING, CAMBRIDGE, Mass. 
Attendance: 175 Papers presented: 11 


Effect of Transverse Slots — Holes on the Torsional Properties of Shafting 


Prize Recipient Title of Paper 
First H. T. Sawyer Development and Investigation of an Indicator for High-Speed Engines 
Second R. F. Hopkins 
Third H. B. Kimball Problems in Miniature Desig 
Fourth W. R. Steur Water Channel Method of Flow Visualization 
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College 
Rensselaer Poly. Inst. 
Brown University 
Mass. Inst. of Tech. 
Worcester Poly. Inst. 


Grovp II, Eastern StupeNtT Meetinc, New York, N. Y. 


Attendance: 225 
First Benjamin O. Delaney Engine Indicators 
Second John A. Sauer 
Third Alan 8. Compton 
Fourth John R. Blizard 


Maintenance Welding 
Air Resistance of Tube Bundles 


A New Apparatus for Testing Materials in Combined Bending and Torsion 


Papers presented: 10 

Princeton Univ. 
Rutgers Univ. 

Drexei inst. 

Poly. Inst. of Brooklyn 


Grovp III, ALLEGHENIES STUDENT MEETING, State Pa. 


Attendance: 175 
First Philip 8. Criblet 
Second R. L. Homsher 
hird Wm. Leavenworth 
Fourth J. J. Prendergast 


The What and Why of a Whirling Arm 
Tests on a Streamlined Power Craft 


The Precipitation of Dust From Flue Gases 
Governing Hydraulic Turbines for Best Efficiency 


Papers presented: 10 
Johns Hopkins Univ. 
Penn State College 
Univ. of Akron 
Case School of Applied Science 


Group IV, SourHeRN StuDENT MEETING, KNOXVILLE, TENN. 


Attendance: 180 
First A. C. Todd 
Second H. B. Edwards 
Third Luke R. Hadnot 
Fourth John R. Kilgore 


Uses of Glass in Mechanicai Engineering 


A New Kind of Mirror 


Economic Aspects of Stream Lining for Automobiles 


A Dryer for the Artific’'al Dehydration of Forage Crops 


Papers presented: 13 
Georgia School of Tech. 
Univ. of Virginia 
Louisiana State University 
Vanderbilt Univ. 


Group V, Mtpwest Stupent Meetina, Cuaicaaco, 


Attendance: 210 


First Edw. J. Wellauer 

bone Gearing 
Second Einar W. Jensen 
Third Janus DeHamer 
Fourth Walter Schlagel 


Papers presented: 15 


A Mathematical Determination of the Contact Length of Helical and Herring- 


Stresses in an Automobile Engine Crankshaft Univ. of 
The Development of a Test for Set in Split-Bamboo Fishing Rods 
Employment Conditions Among Recent Engineering Graduates 


Mich. College o e of Mining & Tech. 
lowa State College 


Grovp VI, NorrHern Unit Stupent MEeEtina, Lincoun, NEB. 


Attendance: 75 


Diesel Boilers 
Artistic Industrial Design 


First E. D. Beachier 
Second Harold Grasse 
Third H. C. Bates 


Fourth H. E. Simonson The Regenerative Vapor Cycle 


A Study of Causes of Failures of Tubes in Refinery Cracking Stills 


Papers presented: 9 

University of Nebraska 
niv. of Kansas 

Kansas State Agri. College 

Univ. of Nebraska 


Group VI, SourHern Unit Stupent Meetine, Texas 


Attendance: 116 
First Glenn W. King 
Second Saviour Perrone 
Third Alex W. Francis 
Fourth W.C. Rodgers 


Steam Jet Vacuum Refrigeration 


Combining Motion Study and Machine Design for Efficient Production 


Some Aspects of Increasing Ultimate Recovery of Crude Oil From Natural Reservoirs 
Application of Refrigerating Cycle to the Heating and Cooling of Buildings 


Papers presented: 13 

Rice Institute 

Univ. of Texas 

Univ. of Oklahoma 
Texas A. & M. College 


Grovp VII, Norrawest StopENT MEETING, SEATTLE, WasH. 


Attendance: 110 


First Robt. E. Laughlin The Diesel Field 
Second James Kratzer The Photoelectric Cell 
Third Robert D. Watt Design of a Universal Air Conditioner 


Fourth Edward Wegman Air Conditioning at High Altitudes 


Papers presented: 10 
Univ. of Washington 
Wash. State College 
Univ. of Washington 
Montana State College 


Group VII, Cenrrat Unir Stupent Meetine, Boutper, CoLtorapo 


Attendance: 95 


Cooling of Boulder Dam 
San Gabriel River Flood Control 


First Car! L. Ritter 
Second Thomas R. Mackay 
Third Alvin Welton 


Fourth Harry L. Hoffman Discussion of Flotation 


Brake Equipment on Modern High-Speed Trains 


Papers presented: 7 
Colorado State College 
University of Utah 
Colorado State College 
Univ. of Colorado 


Group VII, Stopent MEETING, BERKELEY, CALIF. 


Attendance: 106 


First Bradley H. Young 
Second Byron Masterson 
Third A. L. Buonaccorsi 
F¥ourth Clyde C. Chivens 


Spot Welding in Thin Sheet Structures 
Seismogram Wave Analysis 


California 


nomic conditions which made it impossible for them to obtain engi- 
neering employment or perhaps any employment. 

Another important development during the past year was the 
extension of Student Meetings from five in number to ten, made 
necessary by the addition of Groups VI and VII. The geographical 
area covered by these Groups is so enormous that it is impractical to 
schedule a single meeting for each Group with the expectation of any 
reasonable attendance from all of the colleges within the Group area. 
Therefore, the Committee deemed it wise to arrange two meetings 
for Group VI and three meetings for Group VII. The other Groups 
comprise practically all colleges east of the Mississippi and have but 
one meeting for all colleges in each Group. 

Only twice in the history of the Student Branches has any Branch 
been discontinued. Last year the University of South Dakota dis- 
continued its course in mechanical engineering, and this year upon 
request of the Student Branch at Harvard University it was dis- 
continued. One new Student Branch was authorized at the North- 
western University, Evanston, Illinois. 

The Committee is pleased to report that it was able to authorize 
five loans to Student Members from the Max Toltz Fund amounting 
to $850, thus enabling these students to continue their engineering 
studies. 

Eugene W. O’Brien resigned from the Committee but was per- 


Design of Oleo-Pneumatic Shock Absorbers for Aircraft 


Papers presented: 17 
California Inst. of Technology 
University of California 
Santa Clara Univ. 


The Pump-Testing Laboratory of the Metropolitan Water District of Southern 


California Inst. of Tech. 


suaded to serve as advisory member. Edward W. Burbank was 
appointed to fill his unexpired term. 


Respectfuily submitted, 
A. HaNLey 
F. V. LARKIN 


W. O’Brien, Advisory 
Member 


L. Chairman 
Epwarp W. BurBANK 
Roy V. 


AWARDS 


The Committee on Awards made the /.:/iowing recommendations 
to the Council for awards which were to oc presented during. the fiscal 
year 1934-1935: 

A.S.M.E. Medal to Willis H. Carrier, for his pioneer work in air 
conditioning. 

Holley Medal to Irving Langmuir, for his contributions to science 
and engineering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission, atomic hydrogen 
welding, phase-control operation of the thyratron tube, and funda- 
mental research in oil films. 

Worcester Reed Warner Medal to Raiph E. Flanders, for his contribu- 
tions to a better understanding of the relationship of the engineer to 
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economic problems and social trends as exemplified by the many 
papers which he has presented. 

Junior Award to John I. Yellott, Jr., for his paper, ‘‘Supersatu- 
rated Steam.” 

Charles T. Main Award to Philip P. Self, for his paper on “Air 
Conditioning—Its Practicability and Relation to Public Welfare.” 

Student Award, Undergraduate, to H. Reynolds Hudson, for his 
paper on ‘‘Dynamic Balance and Functional Utility Applied to Auto- 
matic Design.”’ 

No recommendations were made for the Melville Medal and Post- 
graduate Student Award. 

The topic for the 1936 Charles T. Main Award is ‘‘Development in 
the Generation and Distribution of Power and Their Effect Upon the 
Consumer.”’ 

Upon recommendation of the Committee on Policies and Budget, 
the Council approved the extension of the work as heretofore carried 
on whereby a Board of Honors would be established. Council 
named the same personnel on the Board of Honors as comprises the 
Committee on Awards. It was understood that the Board of Honors 
would operate in an advisory or trial capacity for a period of two years. 
Acting in this capacity they proceeded to study and make recom- 
mendations regarding changes in the By-Lews and Rules of the 
Society and methods of procedure. 

The first recommendations made to Council were as follows: 

Resolved that the By-Laws be duly amended to change Par. 23 of 
Article B-8 of the By-Laws which now reads: ‘The Standing Com- 
mittee on Awards shall, under the direction of the Council, have super- 
vision of the awards of the Society as detailed in the Rules or pre- 
scribed by Council. The Committee shall consist of five (5) mem- 
bers and the term of one member shall expire at the close of each 
Annual Meeting,’’ to the following: 

‘The Board of Honors and Awards shall, under the direction of the 
Council, have supervision of the awards of the Society as detailed 
in the Rules or prescribed by Council. Recommendations for repre- 
sentatives on joint bodies of award shall be made to Council by this 
Board. The Board shall consist of five (5) members, and the term of 
one member shall expire at the close of each Annual Meeting’’. .. . 

Further resolved that the Board of Honors and Awards shall be 
authorized to constitute a Medal Committee to be comprised of twenty 
(20) persons, five of whom shall be the members of the Board of 
Honors and Awards, and in addition fifteen persons, three appointed 
each year for a period of five years. 

It is anticipated that this Medal Committee will suitably organize 
itself into a functioning body which shall be charged with the duty of 
recommending to the Council nominations for the A.S.M.E. Medal, 
the Holley Medal, the Warner Medal, and in addition thereto nomina- 
tions for representatives of the Society on joint Boards of Award. 

The Board desires to provide better methods for the review of 
papers submitted for awards and intends to experiment with various 
means to this end. For this year the Publications Committee has 
been asked to submit its recommendations regarding papers that 
should be considered for the Melville Medal and the Junior Award. 
These papers will be reviewed by qualified persons or agencies and 
through them a recommendation made to the Board. It is ex- 
pected that student papers may be reviewed by the faculties of the 
various universities under a plan to be definitely formulated and the 
assistance of the Committee on Relations With Colleges will be in- 
vited to this end. 

The objective behind these recommendations is, first, that there 
should be a single responsibility for all awards in which the Society 
is interested; second, that there should be a body of highly representa- 
tive members of the Society who may give to the consideration of 
awards, the attention which the subject deserves; and third, that the 
creation of the Medal Committee would afford a body which should 
be particularly charged with forward-looking plans and policies, not 
alone for those honors which are now available but for others which 
may later be available for various types of recognition. 

It is the belief of the present Standing Committee on Awards that 
these suggested steps will contribute to the elevation of the whole 
awards situation and will enable them to be used in a larger manner 
to the good of the Society and the profession. 

The nominations which the Awards Committee offered to the Coun- 
cil for the Medal Committee cover the fields of education, technical 
journalism, consultation, and industry, and represent a geographical 
cross section of the membership as well. The names are: E. O. 
Eastwood, A. M. Greene, Jr., D. C. Jackson, R. H. Fernald, J. H. 
Herron, F. M. Gunby, J. L. Harrington, H. C. Meyer, Jr., K. H. 
Condit, R. V. Wright, Robert Sibley, J. W. Parker, C. L. Bausch, 
E. R. Fish, and L. W. Wallace. 


Respectfully submitted, 


R. C. H. Heck 
Harte Cookp 


W. L. Bart, Chairman 


HERMAN DIEDERICHS 
L. P. ALForp 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


EDUCATION AND TRAINING FOR THE INDUSTRIES 


Due to several changes in the personnel the Committee on Educa- 
tion and Training for the Industries was reorganized during the year. 

One of its important activities was the evolving of a statement of 
its objectives as it is felt that the opportunities for this Committee 
have broadened and become considerably more important because of 
the changed economic conditions during the past five years. 

The Committee sponsored a session at the Annual Meeting of the 
Society and at its Semi-Annual Meeting. The session was well 
attended and caused much favorable comment. 


Respectfully submitted, 


A. Chairman 
CLEMENT J, FREUND JoHN A. RANDALL 
JoHN YOUNGER WARNER SEELY 


LIBRARY 


The work of the Engineering Societies Library has been carried on 
steadily during the year with marked appreciation by its users. 
These numbered over forty thousand, of whom over ten thousand 
were members living at a distance who were assisted by correspond- 
ence. 

Sixty-five hundred books were added in 1934 to the collection, 
which now contains about 147,000 volumes and maps. 

The conditions portrayed so graphically in our report of last year 
still continue to hamper the growth of this useful activity. 

The Library is called upon for a constantly increasing variety of 
services. More and more it is becoming a general information bu- 
reau for the profession, as well as its outstanding depot for the litera- 
ture. An increasing demand for assistance constantly calls for more 
books, increased staff, and larger quarters. With a budget much 
lower than it was five years ago, it is impossible to provide these facili- 
ties. We trust that the time is near when more generous provision 
may be made for this important activity, which at some time or an- 
other is used by almost every member of the Society. 


Respectfully submitted, 
E. P. Worpgn, Chairman 


G. F. Fe_ker J. S. Kerins 
L. K. Sttucox C. E. Davis, Ex-Officio 
RESEARCH 


A review of the annual reports of the Society’s special research 
committees reveals an unexpected amount of activity and strength in 
organization. Only five of the twenty-four committees reported no 
activity during the year and a considerable number of them have 
functioned in a normal way. 

As in previous years, a number of these committees have sponsored 
sessions at the general meetings of the Society or have provided the 
papers for the programs of other meetings set by the A.S.M.E. 
and similar organizations. For example, during the 1934 Annual 
Meeting the following five special research cor1:mittees sponsored 
and conducted regular technical sessions; Fluid Meters, Thermal 
Properties of Steam, Cutting of Metals, Mechanical Springs, and 
Boiler-Feedwater Studies. In addition, three committees, Fluid 
Meters, Wire Rope, and Cottonseed Processing, cooperated with 
certain A.S.M.E. professional divisions in the preparation of the 
programs for three other sessions. 

At the Society’s Semi-Annual Meeting in Cincinnati in June and 
the Machine-Tool Congress in Cleveland in September the committees 
on the Cutting of Metals and Mechanical Springs supplied papers for 
certain of the technical sessions sponsored by the professional divi- 
sions. 

The financial condition of the committees has remained much the 
same this year as it was last. Approximately $3000 was secured 
from industry. The Engineering Foundation has been both con- 
siderate and generous in its responses to the requests for assistance 
addressed to it by several of the committees. In all $7500 was given 
as grants and an added $1500 was pledged as a loan to the Sub- 
committee on Metal-Cutting Data. This latter sum is intended to 
assure prompt publication of the first of the series of handbooks to be 
issued by this committee. 

Sometimes the members of administrative committees such as the 
Research Committee are tempted to be skeptical as to the value of the 
results accomplished by an activity for which they are responsible. 
At such tims it is reassuring to find, in the reports of a special com- 
mittee, statements such as the following which was taken from the 
report of the Committee on Lubrication: 
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“An interesting letter was received a few days ago from Mr. F. P. D. 
of the M.C. Company. After describing the work of his company in 
installing oil-film roll-neck bearings to withstand shock loads exceed- 
ing 1,500,000 pounds, he says: ‘The operating ZN /P for these bear- 
ings is low. But, according to experiments made by the members of 
the lubrication committee, with this factor as a criterion, these 
bearings should and do perform satisfactorily. I know of no better 
way to pay tribute to the efforts of the committee than to outline this 
example of a very practical use of the reports of the Special Research 
Committee on Lubrication.’ ”’ 

Brief reports of the special and joint research committees which 
were organized and are sponsored by the Society will be found in the 
following sections of this report. 


SpECIAL AND JOINT COMMITTEE REPORTS 


Lubrication, A. E. Flowers, Chairman. A successful meeting of 
the A.S.M.E. Special Research Committee on Lubrication was held 
in New York on December 5, 1934. Reports were received on the 
Committee’s activities from the members present. The chairman 
made a statement concerning the committee’s funds which covered 
an expenditure of approximately $500 and a balarce on hand of $524. 
Mr. Hersey reported on the progress he had made in the preparation 
of abstracts of the 249 papers listed in the committee’s selected 
bibliography. Approximately 100 have been completed. He pre- 
sented specimens of these abstracts and after discussion it was decided 
to reduce further the number of titles in the selected bibliography to 
those papers of prime scientific importance and to include in each of 
the abstracts the usable data and the summary or conclusions given in 
the paper. A general discussion of the work of the committee fol- 
lowed during which the members reported a total of 12 papers pre- 
pared during the year or in course of preparation by members of the 
committee or their immediate associates. 

A reorganization of this committee is under way in order that a 
broad program of work may be undertaken that will cover both the 
physics and chemistry of lubrication and practical service problems. 
To this end the Society’s Research Committee at its meeting in 
December, 1934, appointed a special Survey Committee on Lubrica- 
tion to investigate the possibilities and to formulate a program. 

This committee under the chairmanship of N. E. Funk held two 
meetings in March and May, 1935, and subsequently presented its 
report to the Research Committee. It was unanimous in its recom- 
mendation that the A.S.M.E. should continue to sponsor a special 
Research Committee on Lubrication. A consideration of the scope of 
the project in the light of a review of the 19 years of activity of this 
special research committee led to the recommendation that the scope 
of the reorganized committee should be broad enough to give it 
freedom in the selection of problems but narrow enough to insure the 
interest of industry. The proposed scope is to include the following: 
(1) Investigations of the fundamental physical and mechanical prob- 
lems of lubrication, (2) interpretation of the results of research in this 
field for practical application, and (3) coordination of data from con- 
temporary research in lubrication. 

Fluid Meters, R. J. S. Pigott, Chairman. The Special Research 
Committee on Fluid Meters has had as its principal work for the year 
the completion of the revision of Part 1, ‘Fluid Meters—Their 
Theory and Application.’’ This revision is divided into three sec- 
tions: Section A on the classification and nomenclature of fluid 
meters, Section B on the theory of fluid measurement, and Section C 
which is to contain figures and tables for use in solving practical 
fluid-measurement problems and illustrative examples. The Com- 
mittee expects that the completed revision will be ready for publica- 
tion early in 1936. 

The joint research on orifice coefficients for the measurement of air 
and water was completed by the A.G.A.-A.S.M.E. Joint Committee 
on Orifice Coefficients in the fall of 1934 and the final report on these 
studies is now practically completed. 

At present the special committee is perfecting its plans for re- 
search at the National Bureau of Standards on flow nozzles. This 
program is being developed in cooperation with the A.S.M.E. Power 
Test Codes Committee and a campaign to raise the necessary funds 
isunder way. H.S. Bean will be in direct charge. 

Though no reports have been received this year from Prof. W. H. 
Carson the committee understands that he is continuing his experi- 
mental work on meter coefficients for use in measuring viscous fluids 
at the University of Oklahoma. 

Thermal Properties of Steam, W. L. Abbott, Vice-Chairman. Fol- 
lowing the Third International Steam Tables Conference held in the 
United States in September, 1934, there has been a natural pause in 
the work assigned to the special research committee. Prof. J. H. 
Keenan undertook for the committee the preparation of the summary 
of the results of the conference. A revised skeleton table is its prin- 
cipal part. This report will be published in the November, 1935, issue 


of Mechanical Engineering. With the completion of the committee’s 
present program Alex Dow asked to be relieved of his duties as chair- 
man. His resignation was accepted with much regret but he was 
urged to continue to serve as a member of the committee. 

Strength of Gear Teeth, R. E. Flanders, Chairman. The financial 
assistance given by the Engineering Foundation has made it possible 
for the Special Research Committee on the Strength of Gear Teeth to 
keep a research assistant engaged since the beginning of 1935 on tests 
of the surface fatigue of materials in rolling contact under the direction 
of Prof. Earle Buckingham. Tests have been made on rolls one inch 
wide with diameters up to four inches. In all of these tests, one roll 
was of hardened and ground steel. The mating rolls were of several 
varieties of cast iron, leaded brass, chilled phosphor bronze, and 
phenolic laminated material. A progress report on these tests is now 
in preparation. 

With these materials, the tests indicate a tendency of an outer 
lamina of the material to travel by plastic flow in the direction of 
rolling, and also for this lamina to start to shear under the surface. 
On some of the cast-iron alloys, it is not yet certain whether the initial 
failure starts below the surface, or starts at the surface. It is hoped 
that investigations may be continued with other combinations of 
materials, and that it will be possible also to make still further tests 
with the same combinations of materials under combined rolling and 
sliding contact. Thus far, the tests have shown a very consistent 
relationship between load and number of repetitions of stress to cause 
surface failure, giving hopes that some definite relationships may 
eventually be established between surface fatigue and flexural or 
bending fatigue. Such tests take much time, but the information to 
be obtained from them will be invaluable to the designer in the selec- 
tion of combinations of materials to avoid or minimize wear. 

Cutting of Metals, Coleman Sellers, 3rd, Chairman. The work of 
this Committee during the past year consisted mainly of coordinating 
and encouraging the work of its four subcommittees. The personnel 
of the special committee has been enlarged and changed to include 
only those taking an active part in the work. 

Metal Cutting Data. The Subcommittee on Metal Cutting Data 
formed to carry on the work so ably started by Frederick W. Taylor 
has been engaged for the past three years in examining all available 
experimental data on the cutting of metals, supplementing this with 
research of its own, and preparing the data thus obtained for publica- 
tion in the form of handbooks for the use of industry. This should be 
a very valuable contribution to metal manufacturers as there is 
nothing of its kind in existence although the need for it has long 
been felt. The subcommittee has been generously supported by the 
Engineering Foundation. In June, 1935, the Foundation agreed in 
addition to underwrite the preparation of the first publication to the 
extent of $1500. During the coming year, the subcommittee ex- 
pects to bring this first handbook on the Cutting of Metals with 
Single-Pointed Paring Tools to publication. It is also continuing to 
encourage experimental work already under way in various parts of 
the country in an effort to bring them to successful conclusions. L. P. 
Alford is chairman of this special research committee and R. C. Deale 
is its secretary. 

Cutting Fluids. During the past year the Subcommittee on Cutting 
Fluids has been reorganized and enlarged under the chairmanship of 
Prof. O. W. Boston, of the University of Michigan. The sixth prog- 
ress report of the committee was presented at the semi-annual meeting 
of the Society in Cincinnati in June in the form of a paper entitled 
“The Influence of Cutting Fluids on Tool Life in Turning Steel,” 
by Messrs. Boston, Gilbert, and Kraus. The committee has pre- 
pared a research program of a comprehensive nature and is now at- 
tempting to raise funds from industry which, with the $1000 grant 
from the Engineering Foundation already appropriated, will be used 
in a research on cutting fluids with particular reference to the in- 
fluence of cutting fluids on the tool life of single-point tools. Various 
physical and thermal properties of the oils also will be determined, 
and it is hoped that a correlation between all known properties may 
be obtained by which specifications may be set forth for use in select- 
ing the proper cutting fluid to give tool life, low power, or good finish 
as desired on any particular material. 

Bibliography. The Subcommittee on Bibliography on the Cutting 
of Metals issued its second report during the past year. This new 
portion of the bibliography is a continuation of Part I, published in 
1930, and consists of 1257 new references with abstracts. 

Metal Cutting Materials. The accomplishment of the Subcom- 
mittee on Metal Cutting Materials during the year will be its report 
on the ‘‘Questionnaire on the use of New Cutting Materials.” This 
questionnaire was sent out to approximately 750 concerns in April, 
1935. A detailed report on the data and information received was 
made at the Machine-Tool Congress held in Cleveland, Ohio, in 
September, 1935, during one of the sessions sponsored by the A.S.M.E. 
Machine Shop Practice Division. In addition this subcommittee has 
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discussed the important development of the diamond-impregnated 
wheels for the shaping of the cemented carbides, and expects to 
sponsor a paper regarding the same in the near future. 

The special Research Committee on the Cutting of Metals has 
felt severely the lack of funds for publication by the Society. This 
has made it increasingly difficult to obtain research papers. Some 
means should be found to preserve for reference, papers of this type 
which, although not of wide and popular interest, are nevertheless 
valuable as contributions to the extremely large subject of the cutting 
of metals. 

Mechanical Springs, J. R. Townsend, Chairman. The Special 
Research Committee on Mechanical Springs held one meeting during 
the past year in December, 1934. Two research programs have been 
practically completed during this period. The research at Wright 
Field directed by J. B. Johnson, chief of the Materials Branch of the 
Air Corps, has progressed to the point where the report is in prepara- 
tion. This work covers fatigue tests on large-size helical springs. 
The second study by E. E. Weibel on the correlation of spring-wire 
torsion and fatigue data for small wire springs under the sponsorship 
of Prof. F. P. Zimmerli and his subcommittee at the University of 
Michigan has been completed and the report presented. This work 
was supported by funds subscribed by industry. Dr. D. J. Mc- 
Adam’s work on a monograph entitled ‘‘A Résumé of the Physical 
Properties of Spring Materials’ has been carried forward and a por- 
tion of this report was presented at the Semi-Annual Meeting of the 
Society in June, 1935. At the present time the committee is re- 
viewing several papers for presentation at the Annual Meeting of the 
Society in December, 1935. These papers are on the correlation of 
spring-wire bending, torsion-fatigue tests, and maximum shearing 
stress in an eccentrically loaded helical spring of circular wire. In 
February, 1935, Dr. W. G. Brombacher at the National Bureau of 
Standards completed and distributed the tenth supplement to the 
Committee's Bibliography on Mechanical Springs. 

Effect of Temperature on Properties of Metals, H. J. French, Chair- 
man (Joint Committee with the American Society for Testing 
Materials). Two meetings of the joint committee were held during 
the year in December and June and meetings of the subcommittees as 
required. 

During the calendar year 1934, an additiona! contribution of $3000 
to the Joint Committee’s funds was received from Engineering 
Foundation, which made possible continuation of the sponsorship of 
researches at the Battelle Memorial Institute during the year 1935. 
Procurement of additiona’ funds for the sponsored researches of the 
Joint Committee is in the hands of a newly organized Committee II 
on Finances, the chairmanship of which has been accepted by R. A. 
Bull. 

Work has been continued on the study of embrittlement of aus- 
tenitic nickel-chromium steels as a result of prolonged exposure to 
high temperatures and a summary has been prepared. The work in 
question relates to the progressive changes in toughness of an aus- 
tenitic steel when exposed for a long period to high temperatures, 
both with and without stress. Work was initiated on a second project, 
relating to the interpretation of creep tests, the results of which 
are now broadly utilized by engineers in determining allowable 
stresses for high-temperature service. 

So many logical questions are still unanswered respecting the be- 
havior of steels under creep, especially in very long periods of time, 
that the Joint Committee decided to sponsor a program of research 
at Battelle Institute, in which steels of known creep characteristics 
(as determined by the customary test of 1000 hr or more) would be 
used and these steels further tested to durations of two or more years. 
For one of the materials, K-19 was selected to represent the aus- 
tenitic type because creep values by the usual orthodox test have 
already been reported on this identical steel. A pure ferritic steel 
(K-20) was also selected. The latter is a 0.40 per cent carbon com- 
mercial steel of exceptional physical uniformity, furnished gratis 
by the Bethlehem Steel Company through the good offices of P. E. 
McKinney. The first progress report on this steel, dated June 2, 
1935, was presented to the Joint Committee at the Detroit meeting 
by Messrs. A. C. Cross and F. B. Dahle. At that time it was voted 
to continue the 8000 lb per sq in. load at 850 F and also to maintain a 
sample at 7500 lb per sq in. also at 850 F. The K-19 steel is under 
test at the load and temperature decided upon as the creep limit 
under the former tests, i.e., 8345 lb per sq in. and 1200 F. 

During the year a number of subcommittees have been at work on 
other parts of the program and in some cases they have enlisted the 
cooperation of company and university laboratories. Space avail- 
able will permit only a list of the committees and the names of their 
chairmen. ‘‘High-Temperature Test Methods,’’ N. L. Mochel, 
chairman; Subcommittee D, H. J. Kerr, chairman, checking Method 
E21-34; Subcommittee E, M. S. Northrup, chairman, checking 
Method E22-34T; Subcommittee F, H. W. Gillett, chairman, work 
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on fatigue suspended for the present; Subcommittee N, J. W. Bolton, 
chairman, has prepared a report summarizing published data on 
methods for the determination of wear and seizure at high tem- 
peratures; Subcommittee O, Jerome Strauss, chairman, on corrosion 
of austenitic nickel-chromium steels at elevated temperatures, has pre- 
pared a report during the year; and Subcommittee P, H. W. Russell, 
chairman, organized in March, 1935, to consider the effects of low 
temperatures on metals. 

Committee III on Projects, C. E. MacQuigg, chairman, made a 
comprehensive report at the June, 1935, meeting of the Joint Com- 
mittee and pointed out the importance of raising $10,000 from indus- 
try in the next two years. 

It has been impracticable during the past year to formulate a pro- 
gram acceptable to all interests represented on Committee V on Oil 
Refinery Problems, but such a program is considered to be necessary 
before funds can be secured for support of research in this field. 

The Joint Committee has been in close touch with the interested 
committees of the A.S.T.M. and the A.S.M.E. on questions relating 
to the effect of temperature on the properties of metals and a con- 
siderable amount of time has been devoted to these semi-official 
cooperative projects during the past year. 

Boiler-Feedwater Studies, C. H. Fellows, Chairman (Joint Com- 
mittee with the American Boiler Manufacturers Association, Ameri- 
can Railway Engineering Association, American Society for Testing 
Materials, American Water Works Association, and Edison Electric 
Institute). During the period covered by this 1934-1935 annual 
report the activities of the Joint Research Committee on Boiler Feed- 
water Studies have been limited to a continuation of the work in which 
its subcommittees were engaged during the preceding fiscal year. 

An important change in the organization of the committee has 
occurred as the result of the resignation of S. T. Powell as chairman. 
Early in the past decade Mr. Powell perceived the importance of 
extending the knowledge of the industry in the reactions between 
water and steel under the conditions obtaining as the temperature and 
pressure of boiler operation increased and organized the joint research 
committee. With the aid of leaders in the industries vitally inter- 
ested in these studies, with whom he associated himself, a comprehen- 
sive program of research was outlined. Not all phases of the general 
problem were studied at once; but emphasis was laid first on methods 
of water analysis and on a study to determine the cause of foaming 
and priming. The interest stimulated by Mr. Powell’s leadership, 
however, has in the past ten years, advanced in a remarkable manner 
our knowledge of the reactions occurring within industrial water itself 
and between it and boiler metal under the conditions of association in 
modern steam power plants. It was, accordingly, with considerable 
regret that the members of the Executive Committee acceded to Mr. 
Powell’s wishes and allowed him to relinquish the chairmanship. 

The following officers were elected by the executive committee at its 
meeting in Cincinnati in May of this year to carry on the work of the 
joint research committee: C. H. Fellows of The Detroit Edison 
Company, chairman; R. C. Bardwell of The Chesapeake & Ohio 
Railway Company, vice-chairman; and J. B. Romer of The Babcock 
& Wilcox Company, secretary. These officers are planning a reor- 
ganization of the joint research committee in an effort to stimulate 
increased financial interest in its work and, at the same time, to 
further the objectives originally drawn up. 

During the past year the work of the Subcommittee on Methods of 
Boiler Water Analysis was continued at the University of Michigan. 
A progress report on the incompleted research program concerning 
methods for determining dissolved oxygen was presented before a 
session on Boiler Water at the Annual Meeting of the American Water 
Works Association at Cincinnati in June, 1935, by C. H. Fellows, then 
chairman of the subcommittee. The research work on the deter- 
mination of dissolved oxygen undertaken by this technical com- 
mittee has served to stimulate a number of other investigators in this 
field. As a result M. C. Schwartz and W. B. Gurney, J. D. Yoder 
and his associates, D. O. Lima, and others have published results of 
investigations in this field. The future work of this committee 
will be under the direction of Prof. A. H. White of the University of 
Michigan. Professor White has accepted the invitation of the 
Executive Committee to undertake the chairmanship of this group, 
which was made vacant when its former chairman was elected to the 
chairmanship of the joint committee. 

The work of the Subcommittee on Zeolite Softeners, Internal 
Treatment, Priming and Foaming, Electrolytic Scale Prevention 
under Prof. C. W. Foulk dealing primarily with the causes and pre- 
vention of foaming and priming, has been temporarily discontinued. 
It is planned, however, that this work will be resumed during the 
coming year. 

The work of the Subcommittee on Alkalinity and Sulphate Rela- 
tions in Boiler-Water Salines, under the direction of J. H. Walker 
as chairman, has progressed to an important extent during the past 
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year. W. C. Schroeder has been actively engaged on this project 
since its inception under the direction of E. P. Partridge at the 
New Brunswick Station of the U. S. Bureau of Mines. The original 
objectives have been reached and a report covering this research 
will be presented at the coming Annual Meeting of the A.S.M.E. 

In addition to this completed study, Mr. Walker’s committee has 
initiated a. more basic research on the phenomenon of caustic em- 
brittlement. Through the continued prosecution of these studies it is 
anticipated that many new and important data will be disclosed re- 
garding this subject, permitting a clearer understanding of its develop- 
ment and prevention. 

Condenser Tubes, A. E. White, Chairman. The results of the 
work of the Special Research Committee during the year 1934 were 
coordinated and presented at a meeting of the Committee held during 
the Annual Meeting of the Society in December, 1934. This report 
included the progress of short-time methods of corrosion testing of 
condenser-tube alloys, particularly, by methods of impingement at- 
tack and by the use of experimental condensers operating under con- 
trolled conditions. This latter work included a comparison of the 
effect of circulating-water velocity on the corrosion rate of the tubes. 
Research work on a modified form of apparatus for impingement 
testing was presented for further investigation and calibration with 
comparative tube life in service. 

Some rather well-defined cases of corrosion in condenser tubes 
caused by the presence of foreign matter within the tube were shown. 
Conjecture regarding the effect of foreign matter on tube life is a 
matter of long standing, however, very few concrete cases taken from 
service have been available. 

A rather comprehensive survey of the experience in service of a 
number of the newer tube alloys were made. The use of the newer 
alloys has been increasing steadily. They apparently have a very 
definite field, at least in certain places, where the tube life of the older 
alloys has been short. 

During 1935 the committee has continued its development of 
standard methods for corrosion testing and will include in its De- 
cember, 1935, report a discussion of causes of end corrosion and im- 
proved ‘methods for prolonging tube life in condensers where end 
corrosion is a serious problem. 

Boiler-Furnace Refractories, W. A. Carter, Chairman. During the 
past year there has been little progress because of lack of funds. 
However, some laboratory work on the equilibrium diagram for the 
alumina-lime-silica-iron oxide system has been continued at the 
National Bureau of Standards. In addition, the chairman has 
endeavored to get some help from co-members of the A.S.T.M. 
Committee C-8 on Refractories to carry on the laboratory slag-test 
program that the committee was forced to discontinue at the Univer- 
sity of Illinois because of lack of funds. The prospects of getting 
this project under way in the near future are, however, encouraging. 

Absorption of Radiant Heat in Boiler Furnaces, W. J. Wohlenberg, 
Chairman. The Society authorized the appointment of a special 
research committee on absorption of radiant heat in boiler furnaces 
early in 1928. In 1930 a fellowship was established under the direc- 
tion of¢Professor Wohlenberg and financed by The Superheater Com- 
pany in order to study the problem from both the experimental and 
theoretical points of view. The experimental work was to consist of 
radiation and temperature measurements in boiler furnaces together 
with other data necessary for establishing the energy distribution, 
the particular furnaces in which the measurements were to be taken 
to be selected after a study as to type and convenience of arrange- 
ments for obtaining the information desired. These tests were car- 
ried out on ten boilers in different power plants in the United States 
and involve stokers, pulverized-fuel, oil, and gas firing with various 
combinations of refractory protected and water-cooled furnaces. 

When the results of the investigations were presented to the Com- 
mittee at its December 5, 1934, meeting, it was decided to present this 
information to the Society in the form of one or more papers and to 
further recommend that one session of the 1935 Annual Meeting be 
devoted exclusively to this subject. Such a session is now being 
sponsored by the Fuels Division and the Subcommittee on Heat 
Transfer of the Process Division. The papers to be read at this 
session have been written by W. J. Wohlenberg, W. H. Armacost, 
C. W. Gordon, and H, F. Mullikin. 

Velocity Measurement of Fluid Flow, W. F. Durand, Chairman. A 
variant method for determining air velocity in a pipe using sound im- 
pulses rather than wave trains of definite frequency was investigated. 
The method consists in starting a sound pulse at a point in the pipe 
carrying the air and adjusting a length measured upstream against a 
fixed length measured downstream so that the pulse arrives at the 
two terminations simultaneously. The method employed for deter- 
mining simultaneity consisted in converting the arrived sound pulses 
to electrical pulses by means of telephone receivers and applying the 
electrical pulses to the grids of two gas-type electronic tubes so coupled 
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that the tube receiving the impulse registers and thereby prevents the 
other tube from registering. By manipulating the length of one of 
the sound paths, either one or the other electronic tubes can be made 
to register for a steady state of fluid flow. This enables the path 
length of simultaneous sound-pulse arrival to be determined. The 
difference in path length of the adjustable arm over that deter- 
mined when the fluid is at rest, is a measure of the fluid velocity. 

The method was devised to avoid the effect of sound reflections in 
the pipe which hitherto have been found extremely troublesome. 
This scheme depends for its operation only on the first pulse arriving, 
the apparatus thereafter being rendered automatically inoperative 
for a time sufficient to allow sound disturbances to subside. 

The scheme was found to work successfully over the fluid-velocity 
range possible with the apparatus at hand, namely velocities from | 
to 22 ft per sec. The fluid velocities were checked by means of a 
gasometer and stopwatch. The reproducibility of velocity readings 
obtained with the acoustic method was superior to that obtained with 
the gasometer and the average velocities determined by the two 
methods agreed to within one per cent. 

Measurements were made of air velocity in two different pipes, 
the first an iron conduit of 1.37 in. internal diameter, the second a 
brass tube with an internal diameter of 0.293 in. Fluid velocities 
from 1 to 7 ft per sec could be produced in the large pipe, and veloci- 
ties up to 22 ft per sec in the small tube. 

Fluid turbulence apparently does not affect the operation of the 
device in a significant way, at least for the velocities and pipe diame- 
ters investigated. Also it was found that it was not necessary to 
use an arbitrary correction factor to reconcile the velocity values ob- 
tained by the acoustic method with those obtained with the gasometer 
standard. Accordingly it appears that the acoustic method may be 
regarded as an absolute method yielding correct velocity values from 
simple length measurements and the velocity of acoustic propagation 
in the fluid medium. 

Strength of Vessels Under External Pressure, W. D. Halsey, Chair- 
man. The special research committee is at present investigating the 
possibilities of furnishing simple means for computing the dimensions 
and stresses of vessels under external pressure constructed of mate- 
rials other than steel and also of steel vessels but at elevated tempera- 
tures. Whereas it would be possible to provide charts for the calcula- 
tion of such vessels, the preparation of such charts would entail an 
enormous amount of work and it is hoped that a more simple means 
may be developed. 

The committee expects to furnish also within the near future a dis- 
cussion of the underlying principles of the report it has already pub- 
lished and which has been incorporated as a section of the A.S.M.E. 
Code for Unfired Pressure Vessels. In the meantime, it is under- 
taking to answer questions raised by the membership regarding the 
application of the rules given in its first report. 

Wire Rope, W. H. Fulweiler, Chairman. The National Bureau of 
Standards has completed the report of the tests on some 200 samples 
of discarded wire rope. This report shows the close relationship be- 
tween wear and broken wires in a rope and its remaining strength. 
Publication of the report is being delayed until after its findings have 
been checked by wire-rope inspectors in the field. 

Heavy-Duty Anti-Friction Bearings, W. Trinks, Chairman. Dur- 
ing the year the committee has continued its search through pub- 
lished and privately obtained data for additional findings relating to 
the various phases of its research program. While some additional 
information has been obtained, no developments have been brought 
to light which require revision or immediate amplification of the 
committee’s previous reports. The report summarizing the results 
of the committee’s experimental investigation has just been published 
as a separate pamphlet under the title ‘‘Roll-Neck Bearings.”’ 

In so far as the committee’s plans are concerned, the immediate 
future may be characterized as a period of watchful waiting, to be 
continued until foreign or private investigators unearth new data, 
or until demand arises for resumption of an active program by the 
committee. 

Rotary Drilling of Oil Wells, D. D. Trax, Chairman. The activity 
of the Special Research Committee on Rotary Drilling of Oil Wells 
has been limited this year to a recasting of the report on performance 
and efficiency of gas-electric prime movers for rotary drilling which 
was presented at the Petroleum Division meeting held in Tulsa in 
May, 1934. When the report is completed the committee proposes 
to recommend its publication as a separate pamphlet. 

Critical-Pressure Steam Boilers, A. A. Potter, Chairman. The 
major portion of the year was devoted to a study of the viscosity of 
water and of steam. There are no data available for the viscosity of 
water at temperatures above 320 F and in the case of steam the 
values for viscosity above atmospheric pressure are not known with 
sufficient accuracy. Up-to-date data are available on the viscosity 
of water from 212 F up to and including the critical temperature. 
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Interesting results have also been secured on the effect of pressure 
on the viscosity of subcooled water. 

The viscosity of steam has been investigated since June, 1935, at 
pressures up to 3500 lb per sq in. and at temperatures up to 1000 F. 
The results of the investigations of the viscosity of water and of 
steam under the previously mentioned conditions will be presented in 
a paper at the coming Annual Meeting. The plans for the next year 
include a study of dissociation at high pressures and temperatures. 

Sampling of Pulverized Fuel in Moving Gas Streams, K. M. Irwin, 
Chairman. At its meeting in New York in December, 1934, the 
committee decided not to solicit funds to cover further laboratory 
tests but to limit the committee’s activities to an inquiry from the 
present users of pulverized-fuel equipment relative to the methods 
they are now using to obtain pulverized-fuel samples and also to 
attempt to secure an expression of opinion from them as to the rela- 
tive accuracy of the methods which are being employed. 

A questionnaire is in preparation for this purpose which has been 
reviewed by a few members of the special research committee. It is 
hoped that before the end of 1935, final approval on the form of the 
questionnaire will be reached and that during the next year the com- 
mittee will be successful in collecting a considerable amount of in- 
formation. 

Cottonseed Processing, W. R. Woolrich, Chairman. The Univer- 
sity of Tennessee, the Tri-State Cotton Oil Mill Superintendents 
Association, the Tennessee Valley Authority, the Engineering Foun- 
dation and the A.S.M.E. Special Research Committee are cooperat- 
ing in this research program. Through laboratory investigation 
at the University, fundamental and basic facts relative to the proc- 
essing of cottonseed are uncovered and proved. When necessary, 
experimental equipment is built and trial runs made te determine the 
value of new processes or products. A progress report was pre- 
sented to the Society during the year at the 1934 Annual Meeting, 
by Chairman Woolrich. 

Future plans involve the finding of more new uses for the cotton- 
seed bi-products and the extension of the research program into the 
demonstration stage, especially that of a continuous cooker of the 
type which has been developed within the laboratory. 

Inactive Committees. Five of the twenty-four special research com- 
mittees on Elevator Safeties, Worm Gears, Measures of Management, 
Removal of Ash as Molten Slag from Powdered-Coal Furnaces, and 
Automatic Oil Pipe Line Pumping Stations have been inactive during 
the past year for financial and other reasons. 


Respectfully submitted, 


G. M. Eaton, Chairman 
D. B. BuLuarD 


H. A. JoHnson 
N. E. Funk 
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STANDARDIZATION 


A review of the year’s activity among the standardization com- 
mittees sponsored by the Society reveals a commendable amount of 
progress and the Standardization Committee takes considerable 
pleasure and pride in reporting the results accomplished. Within 
the fiscal year just closed (October 1, 1934, to October 1, 1935) eight 
standards were completed and presented to the American Standards 
Association for approval. These standards are as follows: 


Shafting and Stock Keys 

Screw Threads 

Adjusted Pressure Ratings for Steel Flanges and Flanged Fittings 
Jig Bushings 

Drawings and Drafting-Room Practice 

Graphical Symbols 

Code for Pressure Piping 

Hose Coupling Screw Threads 

Wrought-Iron and Wrought-Steel Pipe 

Cast-Iron Soil Pipe and Fittings 


In the paragraphs which follow will be found brief statements 
covering the year’s progress of every committee that has been active 
during that period. For the convenience of reference the present 
status of the several projects for which the Society holds sponsorship 
or joint sponsorship under the A.S.A. procedure is indicated also by 
classifying them under the following six heads that represent definite 
steps in that procedure but in reverse order according to time: (1) 
Before the A.S.A. for final approval and released for publication; (2) 
proposed standard before sponsor bodies; (3) revised proposal be- 
fore sectional committee; (4) completion of report by subcommittee; 
(5) review of comments by subcommittee; and (6) development of 
proposal by subcommittee. 
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(1) Berore Tae A.S.A. ror APPROVAL AND RELEASED 
FOR PUBLICATION 


Shafting and Stock Keys,C.M.Chapman, Chairman. Four stand- 
ards formerly approved. by the A.S.A., B17a—1924, B17b—1925, 
B17d—1927, and B17e—1927 were revised with additions and re- 
published in one pamphlet after approval in December, 1934. 

Screw Threads, R. E. Flanders, Chairman. The two sponsor 
bodies, the Society of Automotive Engineers and The American 
Society of Mechanical Engineers approved the first revision of the 
American Standard for Screw Threads, originally published in 1924, 
ip ’ sbruary, 1935, and November, 1934, respectively. Accordingly, 
in March, the proposal was transmitted to the American Standards 
Association for final approval and designation as an American Stand- 
ard. This designation was given in April, 1935, and the standard 
known as B1.1—1935 is now available in pamphlet form. 

Adjusted Pressure Ratings for Steel Flanges and Flanged Fittings, 
A. M. Houser, Chairman. The letter-ballot vote of the members of 
the Sectional Committee on the Standardization of Pipe Flanges and 
Fittings was completed in March, 1935, and resulted in a favorable 
recommendation in regard to the revised tables for pressure-tempera- 
ture ratings that were prepared by Subcommittee No. 4 on Materials 
and Stresses to replace Table 1 in the American Standard for Steel- 
Flanged Fittings and Companion Flanges (B16e—1932). The Heat- 
ing, Piping, and Air Conditioning Contractors National Association, 
one of the sponsors, approved this proposal in April, 1935, while the 
other two sponsors, the Manufacturers Standardization Society of 
the Valve and Fittings Industry and The American Society of Me- 
chanical Engineers gave their approval in May, 1935. The pro- 
posal was placed before the A.S.A. for approval in May, 1935. This 
was granted in September. 

Jig Bushings, F. 8S. Walters, Chairman. The National Machine- 
Tool Builders Association, the Society of Automotive Engineers, and 
The American Society of Mechanical Engineers, as sponsors, approved 
the proposed American Standard for Jig Bushings during the past 
year, and it was presented to the American Standards Association 
for final approval in March, 1935. This approval was given in April 
and this new American Standard (B5.6—1935) is now available. 

Drawings and Drafting-Room Practice, F. DeR. Furman, Chairman. 
The American Society of Mechanical Engineers as one of the sponsors 
for the proposed American Standard for Drawings and Drafting- 
Room Practice signified its approval of this proposal in February, 
1935. Approval of the other sponsor, the Society for the Promotion 
of Engineering Education, was given the previous June. It was 
transmitted to the American Standards Association in March and its 
approval and designation as an American Standard was given in 
May. This standard therefore, is available now in pamphlet form 
with the serial designation 214.1—1935. 

Graphical Symbols, T. E. French, Chairman. The proposed 
American Standard for Graphical Symbols was approved by The 
American Society of Mechanical Engineers as sponsor in May, 1935. 
The other joint sponsor, the Society for the Promotion of Engineering 
Education gave its approval in June, 1934, contingent on approval by 
the sectional committee and the A.S.M.E. However, several sugges- 
tions made by certain members of the Sectional Committee on the 
Standardization of Drawings and Drafting-Room Practice at the 
time of the letter-ballot vote made necessary a further review of a 
number of the proposed standard symbols. Accordingly, in June, 
1935, a summary of these suggestions was sent to the entire member- 
ship of the sectional committee for vote by letter ballot. The 
changes which were approved by this ballot were included in the 
proposed standard submitted to the A.S.A. in September, 1935. 

Code for Pressure Piping, E. B. Ricketts, Chairman. The letter- 
ballot vote of the members of the Sectional Committee on Code for 
Pressure Piping was completed in December, 1934. The Code was 
then submitted to The American Society of Mechanical Engineers 
for approval in its capacity as sole sponsor. This approval was given 
in February, 1935, and in March the proposed American Tentative 
Standard Code for Pressure Piping was presented to the American 
Standards Association for final approval. Favorable action was an- 
nounced in June, and the code was made available immediately in 
pamphlet form with the number B31—-1935. 

Wrought-Iron and Wrought-Steel Pipe, H. H. Morgan, Chairman. 
In November, 1934, the American Society of Mechanical Engineers, 
as one of the two joint sponsors, gave its approval to the proposed 
American Tentative Standard for Wrought-Iron and Wrought-Steel 
Pipe, and The American Society for Testing Materials, the other 
sponsor for this project, gave its approval in February, 1935. While 
the proposal was presented to the A.S.A. in March, 1935, some delay 
in securing its approval has resulted from a disagreement concerning 
slight changes which had been made by the editing committee in the 
wording of Paragraph 3 of the introductory notes. 


Hose Coupling Screw Threads, H. W. Bearce, Chairman. Objec- 
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tions raised during A.S.A. vote necessitated another meeting of 
Sectional committee. Standard finally approved and published in 
July, 1935. 

Cast-Iron Soil Pipe and Fittings, J. J. Crotty, Chairman. The 
proposed American Standard for Cast-Iron Soil Pipe was completed 
in April, 1935; it was submitted to the members of the Sectional 
Committee on Plumbing Equipment for approval by letter ballot 
in May and was presented to the two sponsor societies in July, 1935. 
The American Society of Sanitary Engineering and The American 
Society of Mechanical Engineers, gave their approval to the pro- 
posed standard in August, and in the same month it was transmitted 
to the A.S.A. for final approval and designation as an American Stand- 
ard. W. C. Groeniger is chairman of the Sectional Committee. 


(2) Proposep STANDARD Berore Sponsor 


Brass Fittings for Flared Copper Tubes, F. L. Riggin, Chairman. 
The development of a standard for brass fittings for flared copper 
water tubes was initiated by a subgroup composed principally of 
manufacturers and in 1930 a tentative draft was submitted for review 
to the members of Subcommittee No. 7 of the Sectional Committee on 
Plumbing Equipment. After some revision, the proposed standard 
was distributed broadly to industry for criticism in February, 1931. 
Then followed considerable correspondence between the members of 
the subcommittee and groups in the industry. Finally in March, 
1934, it was approved in revised form by Subcommittee No. 7 and 
submitted to the sectional committee for vote on approval by letter 
ballot. This vote was favorable and in September, 1935, the pro- 
posed standard was submitted to the sponsor bodies, the American 
Society of Sanitary Engineering and The American Society of Me- 
chanical Engineers for approval and transmission to the A.S.A. 

Socket Set Screws and Socket-Head Cap Screws, H. Koester, Chair- 
man. In April, 1935, the final draft of the proposed American Stand- 
ard for Socket Set Screws and Socket-Head Cap Screws was released 
by Subcommittee No. 9 to the Sectional Committee on the Standardi- 
zation of Bolt, Nut, and Rivet Proportions for vote on approval by let- 
ter ballot. This vote was favorable and the proposed standard was 
submitted to the two sponsors, the Society of Automotive Engineers 
and The American Society of Mechanical Engineers in August, 1935. 


(3) Revisep Proposat Berore SECTIONAL COMMITTEE 


Ammonia Flanged Fittings and Companion Flanges, W. R. Kremer, 
Chairman. The letter-ballot vote of the members of the Sectional 
Committee on the Standardization of Pipe Flanges and Fittings on 
the proposed American Tentative Standard for Ammonia Flanged 
Fittings and Companion Flanges was completed in October, 1934. 
The results of this ballot indicated, however, that certain extensive 
changes and additions were desired by the members of the sectional 
committee. The officers of the committee, after considerable corre- 
spondence prepared a revised draft of the proposal and resubmitted 
it to the members of the sectional committee in September, 1935, for 
vote on approval by letter ballot. 


(4) Comp.Letion oF Report BY SUBCOMMITTEE 


Taper Pipe Threads, 8. B. Terry, Chairman. Subcommittee No. 2 
completed its revision of the American Standard for Pipe Threads 
(B2—1919) in September, 1935. As the next step in the develop- 
ment of the proposed revision, it will be submitted to the members 
of the Sectional Committee on Pipe Threads for approval by letter- 
ballot vote. 

Machine Tapers, F. S. Blackall, Jr., Chairman. The final draft 
of the proposed American Standard for Machine Tapers with certain 
minor corrections and changes was approved by Technical Committee 
No. 3 of the Sectional Committee cn Small Tools and Machine Tool 
Elements at its meeting in December, 1934. After final checking of 
all details, the proposed standard will be mailed to the members of the 
sectional committee for vote by letter bailot. 

Spindle Noses and Collets, J. E. Lovely, Chairman. Technical 
Committee No. 4 on Spindle Noses and Collets of the Sectional 
Committee on Small Tools and Machine-Tool Elements was organ- 
ized in December, 1928. It cooperated with Technical Committee 
No. 11 in the preparation of a draft standard on Spindle Noses 
and Chucks distributed to industry for comment in May, 1930. 

However, as a result of suggestions made at numerous conferences 
with members of the industry, Technical Committee No. 4 in March, 
1931, drew up a revised draft of this proposal dealing only with lathe- 
spindle noses. In October, 1932, this draft was approved by the 
lathe groups of the National Machine Tool Builders Association. 

During 1933, the committee carried on tests on new forms of spindie 
noses. Subsequently sufficient experience with the proposed stand- 
ard type of spindle nose has been had and recorded, and the new de- 
signs have met with such universal approval by industry that in 
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October, 1934, copies of the proposal in its final form covering spindle 
noses for turret lathes and automatic lathes were sent to the members 
of the Technical Committee. In March, 1935, the Technical Com- 
mittee released this proposed standard to the Nomenclature Com- 
mittee for review. Following this review it will be submitted to the 
members of the Sectional Committee for vote by letter ballot. 

Chucks and Chuck Jaws, J. E. Lovely, Chairman. Work on the 
preparation of a proposed standard for Chucks and Chuck Jaws was 
begun in December, 1928, with the organization of Technical Com- 
mittee No. 11. Subsequently, Technical Committee No. 11 collabo- 
rated with Technical Committee No. 4 on Spindle Noses and Collets 
in preparing a draft standard on Spindle Noses and Chucks. In 
May, 1930, these committees distributed to industry for comment a 
joint proposal entitled proposed American Standard for Spindle 
Noses and Chucks. The next year a revised draft of this proposal 
dealing only with chucks and chuck jaws and based on the comments 
received as a result of the previous canvass of industry was circulated 
to industry for further comment. 

After extensive correspondence relating to the adjustment of 
various changes and corrections suggested by the manufacturers of 
chucks, Technical Committee No. 11 completed the final draft of the 
proposed standard and released it to the Sectional Committee in 
March, 1935. Following review by Technical Committee No. 17 on 
Nomenclature, it will be submitted to the members of the Sectional 
Committee for vote by letter ballot. 

Circular Forming Tools and Holders, W. C. Mueller, Chairman. 
Work on a proposed standard for circular forming tools and holders for 
automatic screw machines was begun in 1931 by Technical Committee 
No. 10. During the course of the next three years, four question- 
naires were distributed to industry for criticism and comment and the 
suggestions received were, incorporated as far as possible, in succes- 
sive revisions of the proposed standard. In August, 1934, a final 
draft of the proposal was sent to the members of the Technical 
Committee, and in November, 1934, it was released to the Sectional 
Committee. 

Technical Committee No. 17 was asked to develop the nomencla- 
ture for this standard and when this is completed the proposed 
standard will be sent to the members of the Sectional Committee for 
vote on approval by letter ballot. 


(5) Review or CoMMENTS BY SUBCOMMITTEE 


Inspection of Gears, F. W. England, Chairman. In May, 1935, the 
Recommended Practice of the American Gear Manufacturers’ Asso- 
ciation for Inspection of Gears was mailed to a selected list of users 
of gears with a request for their criticism and comment. Subcom- 
mittee No. 9 of the Sectional Committee on the Standardization of 
Gears proposes that these rules form the basis of the American Stand- 
ard for the Inspection of Gears. The replies which were received are 
now in the hands of the subcommittee for study. 

Large Rivets, R. N.S. Baker, Chairman. As a result of the meeting 
of Subcommittee No. 1 on Large and Small Rivets held in New York 
in December, 1934, the proposed American Standard for Large 
Rivets was broadly distributed in June, 1935, for criticism and con- 
structive suggestions. The replies received are now in the hands of 
the subcommittee. 

Plain Washers, C. W. Squier, Chairman. During the past year a 
tentative draft of the proposed American Standard for Plain Washers 
for use with American Standard Bolt Heads and Nuts was completed 
by Subcommittee No. 1 and distributed broadly for the general 
criticism and comment of industry. Consideration is now being 
given to the replies received. 

Speeds of Machinery, A. E. Hall, Chairman. The special sub- 
group appointed to study the comments received from industry follow- 
ing the distribution of copies of a tentative draft of the proposed 
American Standard for Machine Speeds held a meeting in New York, 
in April, 1935. A revised draft of the proposal based on the sub- 
group’s recommendations is now being prepared. 

Traps, A. R. McGonegal, Chairman. In February, 1935, a draft 
of the proposed American Standard for Traps for use with plumbing 
fixtures was distributed to industry for review and comment. Sub- 
committee No. 5 of the Sectional Committee on Plumbing Equipment 
is now reviewing the replies which were transmitted to the chairman 
late in April. These suggestions will form the basis of a further revi- 
sion of this proposal. 

Pressure and Vacuum Gages, M. D. Engle, Chairman. Subrom- 
mittee No. 3 on Gage Sizes and Mounting Dimensions, H. B. Rey- 
polds, chairman, and Subcommittee No. 4 on Accuracy and Test 
Methods, O. J. Hodge, chairman, are reviewing letters received as a 
result of the general distribution of their parts of the proposed stand- 
ard to industry for criticism and comment. Section 3 was mailed 
in November, 1934, and Section 4 was distributed in April, 1935. 
There is a possibility that all of the three sections of this proposed 
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standard wii! be ready early this fall for the editing committee, which 
is to mold them into a unified whole. 


(6) DEVELOPMENT oF PRoposau BY SUBCOMMITTEE 


Round Unslotted Head Bolts. At the December, 1934, Meeting of 
Subcommittee No. 5, a proposed revision of the American Tentative 
Standard for Round Unslotted Head Bolts published in 1928 (B18e— 
1928) was approved. Draft copies of this proposed revision had been 
distributed previously to the committee members and others inter- 
ested for their consideration. It was found necessary to prepare a 
new table for thread lergths, copies of which were distributed to the 
members of the committee in July, 1935. If satisfactory, this table 
will be incorporated in the proposed revision which then will be circu- 
lated to industry at large for criticism and comment. 

T-Slots, Erik Oberg, Chairman. Technical Committee No. 1 of 
the Sectional Committee on Small Tools and Machine-Tool Elements 
completed its report on the ‘“‘Nomenclature and Glossary of Terms 
for T-Slots,”’ in May, 1935. This report is now in the hands of Tech- 
nical Committee No. 17 on Nomenclature after which this supple- 
ment to B5a—1927 will be submitted to the members of the sectional 
committee for approval. 

Punch-Press Tools, D. M. Palmer, Chairman. The reorganized 
Technical Committee No. 9 on Punch-Press Tools held a meeting in 
Detroit in February, 1935, at which substantial progress was made 
toward the completion of a tentative draft of the committee's pro- 
posal intended to cover certain parts of all classes of die sets con- 
sidered suitable subjects for standardization. 

Single-Point Cutting Tools, F. H. Colvin, Chairman. Technical 
Committee No. 19 which was organized in December, 1933, completed 
its report on the nomenclature for single-point tools in May, 1935. 
This report will be submitted shortly to the members of the sectional 
committee for approval. 

Preferred Practice in Graphic Presentation, A. H. Richardson, 
Chairman. Subcommittee No. 3 of the Sectional Committee on 
Standards for Graphic Presentation at its meeting held in New York 
in June, 1935, adopted, with a few minor changes, a tentative draft 
of a code for preferred practice in graphic presentation which had been 
in course of preparation for a number of years. The subcommittee 
plans to have about five hundred copies of this proposed code printed 
for preliminary review, the expense to be covered by sales to the 
public. This would be in the nature of a trial edition which thus 
could be tested in practice and, if found to be satisfactory, presented 
to The American Society of Mechanical Engineers as sponsor society 
for approval and transmission to the American Standards Association. 

Engineering and Scientific Graphs, W. A. Shewhart, Chairman. 
The special subgroup of Subcommittee No. 4 appointed in April, 
1934, to prepare a standard nomenclature for the shapes of curves and 
plots, under the chairmanship of E. T. Cope, completed its report in 
May, 1935, and distributed copies of it to the members of the sub- 
committee in June of this year for examination and comment. 

The special subgroup under the chairmanship of H. F. Dodge ap- 
pointed also in April, 1934, held a meeting in December of that year 
to consider a preliminary draft of a brochure on “Engineering and 
Scientific Graphs for Publications.’’ Consideration was given also 
at this meeting to an outline of the subgroup’s report submitted by 
Messrs. Stone and Hanscom. Three subsequent meetings were held 
in January, February, and April and the suggestions developed at 
these meetings have been incorporated in a redraft of the proposal. 

Tolerance Systems, R. E. W. Harrison, Chairman. Subcommittee 
No. 1 of the Sectional Committee on Allowances and Tolerances for 
Cylindrical Parts and Limit Gages held a meeting in New York in 
December, 1934. At this meeting a full discussion of the differences 
between the present standard (B4.1—1925) and the I.S.A. Standard 
with special reference to ranges and classes of fit took place. D. R. 
Miller, a member of the committee, then was requested to prepare a 
set of ranges and tolerances following the general trend of B4.1—1925 
and the I.S.A. standard but with the fewest possible and widest 
practical ranges. This task was completed and copies of the report 
were distributed to the members of the subcommittee in June, 1935. 

Cut and Ground Thread Taps, C. M. Pond, Chairman. At its 
meeting in December, 1934, Technical Committee No. 12 discussed 
and approved revisions of the American Standard for Cut and 
Ground Thread Taps (B5e—1930). This revision is based on com- 
ments and suggestions received as a result of the distribution of a 
tentatively revised draft to industry at large in May, 1934. After 
approval by the members of the Sectional Committee on Small Tools 
and Machine-Tool Elements this revision will be submitted to the 
sponsor societies and the American Standards Association. 

Gasoline, Oil, and Grease Separators, J. J. Crotty, Chairman. 
Meetings of Subcommittee No. 9 were held in November, 1934, and 
March, 1935, and good progress was made toward the completion of 
the first draft of a proposed American Standard for Gasoline, Oil, and 
Grease Separators. At the November, 1934, meeting, a report on the 
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‘‘Recommended Use for Oil Separators and Their Construction” was 
presented and discussed. There is now before the subcommittee for 
its consideration a draft of a proposed standard ordinance to regulate 
the handling, storage, transportation, and disposition of waste oils 
and grease resulting from the use and operation, cleaning, repairing, 
or servicing of vehicles, machinery, or appliances of any kind. This 
project is part of the program of the Sectional Committee on Plumb- 
ing Equipment. 

Iron and Steel Bars, F. H. Frankland, Chairman. The Sectional 
Committee, on the Standardization of Stock Sizes, Shapes, and 
Lengths for Hot-Rolled and Cold-Finished Iron and Steel Bars held a 
meeting in New York on April 23, 1935. ‘The committee discussed 
seriously the need for this standard and the form which it should take. 
It was finally decided that the gathering together of the several 
present trade practices within the scope of the committee’s work and 
the placing them in form for review and approval by the American 
Standards Association would render a useful service. 

Accordingly, certain members of the committee agreed to supply a 
list of shapes, sizes, lengths, and tolerances of hot-rolled bars to- 
gether with similar data for hot-rolled reinforcing bars. Another 
group offered to supply the same data for cold-finished steel bars. 
It was then decided that, when this material had been assembled and 
worked up into the form of a standard, it should be distributed to the 
members of the Sectional Committee as a tentative proposal. 

Classification and Designation of Surface Qualities, C. G. Mettler, 
Chairman. Subcommittee No. 1 on Standardization of Surfaces 
Produced by Tools and Abrasives, J. Cetrule, chairman, held a 
meeting in December, 1934, at which a comprehensive report of Sub- 
group No. 2 on Machine Surfaces Produced by Tools, of which J. S. 
Chafee is chairman, was read and discussed. As a result of this 
discussion the subgroup was assigned further duties and from subse- 
quent correspondence with Mr. Chafee it is expected that a report 
will be forthcoming shortly. 

In December, 1934, a meeting was held also by Subcommittee No. 5 
on Ways, Means, and Apparatus for Measuring Quality of Surface, 
J. R. Weaver, Chairman, at which Prof. F. A. Firestone’s report on 
definitions and notation for measurement of surface quality was read 
and discussed. At this meeting consideration was given also to a 
program of experimental work which had been outlined in a letter 
sent out by the secretary of the subcommittee the previous spring 
and, as a result of the discussion, a subgroup headed by G. A. Bouvier, 
was appointed to carry out that part of the program relating to the 
measurement, by various methods, of samples of representative sur- 
faces. 

Furnaces, C. E. Bronson, Temporary Chairman. Upon the recom- 
mendation of the A.S.M.E. Pure Air Committee together with a 
large number of representative and interested organizations, a Sec- 
tional Committee on the Unification of Rules for Dimensioning of 
Furnaces for Burning Solid Fuel was organized in June, 1933, in 
Chicago under the procedure of the American Standards Association. 
The present economic conditions have operated to delay the com- 
pletion of the personnel of this sectional committee and the five sub- 
committees which were authorized by the sectional committee at its 
first meeting. Mr. Bronson gives assurance, however, that this task 
is now nearly completed. 

As a matter of record, the following statistics are given for the pur- 
pose of indicating the extent of this activity and the number of persons 
having a partinit. Number of Sectional Committees 31; number of 
subcommittees and subgroups 273; number of committee members, 
members of A.S.M.E. 371, non-members 812; number of committee 
meetings held in year, 24; number of cooperating organizations, 206. 


Respectfully submitted, 


C. W. Spicer, Chairman 
AwuFRED [DDLES 
L. A. CoRNELIUS 


WaLtTerR SAMANS 
O. A. LeuTWwILeR 


POWER TEST CODES 


The Committee on Power Test Codes takes pleasure in reporting 
that during the fiscal year 1934-1935 one new test code and one re- 
vised code were completed, approved, and published while two new 
sections of Instruments and Apparatus and one revised section were 
completed and approved by the Council. A more detailed statement 
covering this activity is given in the following paragrzphs. 


Items or GENERAL INTEREST 


Election of Acting Chairman of Power Test Codes Committee. In 
recognition of the service which Dr. Robert H. Fernald had so 
willingly rendered the main Committee during the period of Dr. 
Low’s illness, the committee requested him at its December, 1934, 
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meeting to serve as its acting chairman until such a time as Chairman 
Low will be able again to take his piace. 

Btu per Hour Equivalents of Horsepower and Kilowatt. In a com- 
ment on the November, 1934, draft of the proposed revision of the 
Test Code for Steam-Condensing Apparatus attention was called 
to the disagreement between the values there given for the Btu per 
hour equivalents for ““horsepower”’ and the ‘‘kilowatt,’’ and the similar 
values given in the Keenan Steam Tables. The constants 2543 and 
3413 Btu per hr respectively in the code were taken from the Code on 
Definitions and Values and those in the Keenan Steam Tables, 
2543.1 and 3411.5, are based on the International calorie which was 
defined at the 1929 International Steam Tables Conference (London) 
as 1/860 of the International watt-hour. 

Since the publication of the Keenan Steam Tables, the National 
Bureau of Standards has adjusted the basic values of its electrical 
standards to agree with the International values and the American 
Standards Association has accepted similar modifications. 

In view of these developments which have taken place since the 
Code on Definitions and Values was issued in June, 1931, Committee 
No. 2 on Definitions and Values has been requested to revise its 
Btu-per-hour equivalents for horsepower and the kilowatt for use in 
new or revised power-test codes. 

A.S.T.M. Committee on Gaseous Fuels. Because of the direct 
interest in this subject of the Power Test Codes Committee No. 3 
on Fuels, E. X. Schmidt, a member of that committee was named as 
its representative on the A.S.T.M. committee, which now has been 
organized to standardize the nomenclature and the methods of 
sampling and testing gaseous fuels in so far as they apply to purchases 
and sales and the requirements of regulatory bodies. Mr. Schmidt 
has been active in the development of the A.S.M.E. Power Test Code 
for Gaseous Fuels. 

Committee Meetings. As a matter of record it should be stated 
that the following committees held regularly called meetings during 
the past twelve months: Power Test Codes Committee, three meet- 
ings, October, December, and April; Committee No. 6 on Steam 
Turbines; Committee No. 10 Subcommittee on Fans; Committee 
No. 11 on Complete Steam Power Plants; Committee No. 18 on 
Hydraulic Prime Movers; special Subcommittee on Measurement of 
Fluid Flow of Committee No. 19 on Instruments and Apparatus; 
and Committee No. 21 on Dust-Separating Apparatus. 


COMMITTEE PROGRESS 


Fués. Committee No. 3 on Fuels, W. J. Wohlenberg, Chairman, 
completed its review of the preliminary draft of the Test Code for 
Gaseous Fuels in November, 1934. The code is now in shape for 
distribution to a selected list of individuals and firms for criticism and 
comment. 

Reciprocating Steam Engines. Committee No. 5 on Reciprocating 
Steam Engines, A. G. Christie, Chairman, completed an extensive 
revision of the Test Code for Reciprocating Engines and on Febru- 
ary 6, 1935, it was approved by the Council and subsequently pub- 
lished in pamphlet form. 

Steam Turbines. Committee No. 6 on Steam Turbines, C. H. 
Berry, Chairman, met during the 1934 Annual Meeting of the 
Society to discuss the voluminous material that had been distributed 
to the members dealing with the proposed revision of the Test Code 
for Steam Turbines. A subcommittee of three was appointed at 
that time to develop the revision of the code. This subcommittee is 
working effectively and definite progress is being made toward the 
completion of the revised draft of this test code. 

Centrifugal and Rotary Pumps. Committee No. 8 on Centrifugal 
and Rotary Pumps, W. B. Gregory, Chairman, is now considering 
the advisability of an immediate revision of this code which was 
approved and published in February, 1928. This step was urged in a 
communication received from the Hydraulic Institute. In the use 
of this code as its standard of testing practice, the Institute has real- 
ized more and more that it is not altogether adequate and, through the 
efforts of one of its committees, it has been endeavoring to agree upon 
certain desirable revisions, and additions, and the standardization of 
certain of the testing methods and equipment. As the principal 
purpose of these codes is to serve the practical needs of industry, 
the Committee, when it has acquainted itself with the exact nature 
and extent of the changes desired, will begin work on a revised draft. 

Displacement Compressors and Blowers. Committee No. 9 on 
Displacement Compressors and Blowers, Paul Diserens, Chairman, 
is now laying plans for a complete revision of the Test Code for Dis- 
placement Compressors and Blowers. Before undertaking this work 
the committee is awaiting the report of the Instruments and Ap- 
paratus Special Subcommittee on the Measurement of Fluid Flow 
covering rules for the measurement of air flow from a gaging tank 
into the atmosphere and from the atmosphere into a gaging tank. 

Centrifugal and Turbo-Compressors and Blowers. Chairman, A. T. 


Brown, Committee No. 10, reports the publication in pamphlet form 
in March, 1935, of Part 1 on Compressors and Blowers of the Test 
Code for Centrifugal Compressors, Exhausters, and Fans. 

The Subcommittee on Fans, M. C. Stuart, Chairman, held two 
meetings within the year, during which the first tentative draft of the 
Test Code for Fans was outlined. The development of the code 
has been delayed due to the lack of adequate information and agree- 
ment on the standard methods of measuring air. Accordingly, 
several subgroups have been organized to formulate standard methods 
for the measurement of air under the conditions to be found in the 
testing of fans. To provide the necessary data and information in- 
vestigations are under way at Lehigh University under the direction of 
Professor Stuart; at Harvard University, under the direction of 
Professor Marks; and in the laboratories of several of the fan manu- 
facturers. They cover (1) measurement of flow by pitot tube in 
inlet or discharge ducts; (2) measurement of flow by nozzle in inlet or 
discharge ducts; and (3) measurement of flow with large chamber by 
nozzle or orifice. The subcommittee hopes that before the end of an- 
other year it will have completed the first tentative draft of the Test 
Code for Fans. 

In order to bring about closer cooperation between the A.S.M.E. 
committee and the committees of the American Society of Heating 
and Ventilating Engineers interested in fan testing, Thomas Chester, 
consulting engineer of Detroit, has been appointed to membership 
on the committee. Mr. Chester is chairman of the Special Council 
Committee of the American Society of Heating and Ventilating 
Engineers, organized to review that Society’s Standard Code for 
Disk and Propeller Fans, Centrifugal Fans and Blowers. 

During the two years since the organization of the Subcommittee 
on Fans it has been consolidating data and information bearing on its 
work. To develop further some of the ideas which have been ad- 
vanced it applied for permission to hold a technical session during the 
1934 Annual Meeting. This was granted and on Tuesday, December 
4, a session was presided over by Willis H. Carrier and papers were 
presented by L. S. Marks, N. P. Bailey, W. E. Somers, N. C. Ebaugh 
and R. Whitfield, and M. C. Stuart. So great was the interest in this 
session that another is being planned for the 1935 Annual Meeting. 

Steam-Condensing Apparatus. Geo. A. Orrok, Chairman, of 
Committee No. 12 on Condensers, Water-Heating and Cooling 
Equipment, reported in December, 1934, the completion of the pro- 
posed revision of the Test Code for Steam-Condensing Apparatus. 
The present revision of the code includes a tentative method for de- 
termining the cleanliness factor of condenser tubes. Copies of a 
tentative draft have been distributed to an extensive selected list of 
firms and individuals for criticism and comment. As a result of this 
mailing a number of constructive criticisms of this proposed revision 
of the code have been received. The duplication of this material was 
generously arranged for by the Brooklyn Edison Company through 
P. H. Hardie, secretary and member of Committee No. 12. 

Hydraulic Prime Movers. E. C. Hutchinson, Chairman of Com- 
mittee No. 18 on Hydraulic Prime Movers, reports that the com- 
mittee has completed the drafting of the proposed revision of the 
Test Code for Hydraulic Prime Movers. The committee held meet- 
ings during the annual meetings of the A.S.M.E. and A.S.C.E. which 
made it possible to reach agreement on all of the controversial points 
which had been raised in the development of the earlier drafts. Its 
plans call for the distribution of copies of the code to a selected list 
of firms and individuals for criticism and comment before it is pre- 
sented for final approval. 

Instruments and Apparatus. C. F. Hirshfeld, Chairman, Com- 
mittee No. 19 on Instruments and Apparatus, reports that the work 
completed by the committee during the year just closed includes tie 
following sections which were approved for publication, namely: 
Part 1 on General Considerations (second edition); chapter 2 on 
Radiation Pyrometers of Part 3 on Temperature Measurement, and 
Part 15 on Measurement of Surface Areas. 

In addition to the above, Committee No. 19 has made good prog- 
ress toward the completion of Part 2, Pressure Measurement, chap- 
ter 4 on Bourdon, Bellows, Diaphragm and Deadweight Gages and 
chapter 5 on Manometer or Liquid Column Gages; Part 3, Tempera- 
ture Measurement, chapter 3 on Thermocouple Thermometers; 
and chapter 4 on Resistance Thermometers. 

Special Subcommittee on Measurement of Fluid Flow. Inasmuch 
as there had been some misunderstanding concerning the scope of 
the work of this special Instruments and Apparatus subcommittee, 
it was deemed advisable to change its name from Instruments and 
Apparatus Subcommittee on Flow Nozzles to Instruments and Appa- 
ratus Special Subcommittee on Measurement of Fluid Flow. 

Due to the urgent need for its reports, the subcommittee is pre- 
paring as quickly as possible recommended rules for the measurement 
of fluid flow which can be made mandatory in the codes prepared by 
the several individual committees. Preliminary drafts of sections 
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covering nozzles, orifices, and venturi tubes are being written by the 
members of the subcommittee. The preliminary draft of the orifice 
section has been completed and it is expected that similar drafts of 
the sections on flow nozzles and venturi tubes will be completed within 
the next few months. 

Industry is now being canvassed for funds for the research on flow 
nozzles which is to be made at the National Bureau of Standards under 
the auspices of the A.S.M.E. Special Research Committee on Fluid 
Meters. 

As a representative of the American Standards Association, W. A. 
Carter, Chairman of this special subcommittee, attended the meet- 
ing of the International Standards Association Committee No. 30 
on the Measurement of Fluid Flow held in Stockholm, Sweden, in 
September, 1934. He presented the American comments on the 
I.S.A. Proposal for Measurement of Fluid Flow and urged the inclu- 
sion of certain other rules covering the use of nozzles. 

A meeting of this special subcommittee was held in New York 
during the A.S.M.E. Annual Meeting in December, 1934. 

Dust-Separating Apparatus. The organization meeting of Com- 
mittee No. 2] on Dust-Separating Apparatus was held on Wednes- 
day, December 5, 1934. At this meeting the members of Committee 
No. 21 expressed an appreciation of the magnitude of the project and 
a feeling that several years would elapse before a final report would be 
forthcoming. M. D. Engle was elected chairman of the committee. 
The following subcommittees have been appointed to carry forward 
the program in the development of the Test Code for Dust-Separating 
Apparatus: (1) on plan and scope; (2) on definitions and terms, 
bibliography; (3) on collection of data on test methods employed 
in past and results obtained, equipment available; (4) on the obtain- 
ing of representative samples from gas streams carrying dust in sus- 
pension; and (5) on separation of the solid matter from the gas of the 
sample obtained. 


INTERNATIONAL COOPERATION 


Through membership on the U. S. National Committee of the 
International Electrotechnical Commission,! the Society, and for it 
the main Committee on Power Test Codes has been actively engaged 
in assisting to bring about international agreements on acceptance 
tests for steam turbines and internal-combustion engines. The 
Secretariat for the Advisory Committees on Steam Turbines, Internal- 
Combustion Engines and Hydraulic Turbines is held by the U. 8. 
National Committee of the I.E.C. The Society was represented 
on this committee this year by Harvey N. Davis, Francis Hodgkin- 
son, and Ely C. Hutchinson, with C. Harold Berry and Paul Diserens 
serving as alternates. 


Respectfully submitted, 


F. R. Low, Chairman 

R. H. Fernaup, Acting Chairman G. A. Horne 

C. H. Berry E. C. Hutcuinson 
A. T. Brown D.S. Jacosnus 

A. G. CHRISTIE L. F. Moopy 

H. Cooke H. B. Oatiey 

H. DAHLSTRAND G. A. Orroxk 

P. DISERENS R. J. 8S. Pieotrr 

L. E.uiorr H. B. ReYNoups 
E. R. Fisu E. B. Ricketts 

C. F. E. N. Trump 

F. HopGKINSON W. M. Waite 

O. P. Hoop W. J. WoHLENBERG 


PROFESSIONAL CONDUCT 


During this past year this Committee has had but one case referred 
to it. Investigation developed that no charge of unprofessional con- 
duct on the part of a member of the Society was made. Accordingly 
no action could be taken by this Committee. This case was referred 
to the Secretary of the Society. 


Respectfully submicted, 
C. G. Spencer, Chairman 


Ebwarps R. E. F. Scorr 
J. H. Herron Hueco Diemer 
SAFETY 


The Standing Committee on Safety has continued during the 
past year to promote industrial safety through the activities of the 
Society and, in reporting the progress made during that period, de- 


! For Report of A.S.M.E. representatives see page 26. 
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sires to record first the technical session in the form of a symposium 
on the engineering aspects of occupational-disease disability, which 
it sponsored during the 1934 Annual Meeting of the Society. Five 
papers dealing with different phases of the subject of industrial- 
disease hazards were read by authorities in each field and were freely 
discussed. This session drew such a large and interested audience 
that the committee was encouraged to plan for a similar session at the 
1935 Annual Meeting. Good progress has already been made toward 
the selection of speakers and the subjects of the papers which are 
to be presented. At the Committee meeting on June 14 it tentatively 
agreed to the following three divisions of the subject as an outline for 
the meeting: (a) occupational-disease legislation, (b) engineering 
control of occupational-disease hazards, and (c) limitations of protec- 
tive devices and equipment available. 

The committee has agreed to act as co-sponsor with the Manage- 
ment Division of the Society for a session on compensation laws which 
is also to be held during the 1935 Annual Meeting. There are many 
aspects of this subject in which the committee is directly interested 
since it holds that there is a close relation between the compensation 
laws of a state and its laws bearing on disease disability. 

Safety Code for Machinery for Compressing Air, D. L. Royer, 
Chairman. During the past year the Sectional Committee on a 
Safety Code for Machinery for Compressing Air released for criticism 
and comment two successive drafts of its proposed code which in- 
dicates that good progress is being made in its work. 

Safety Code for Cranes, Derricks, and Hoists, J. C. Wheat, Chairman. 
No meetings of the Sectional Committee or any of its subcommittees 
have been held during the past year but from correspondence which 
this committee has had with Mr. Wheat it has assurances that by the 
first of the next fiscal year more active work will be resumed toward 
the completion of this important code which is now in the hands of the 
editing subcommittee. 

Safety Code for Elevators, Sullivan W. Jones, Chairman. Tb- 
Sectional Committee on a Safety Code for Elevators held a meeting on 
April 26, 1935. This meeting was called to consider certain changes 
in the American Standard ‘‘Safety Code for Elevators’’ published in 
1931 which had been proposed by the Subcommittee on Elevator Re- 
search, Interpretations and Recommendations. The subcommittee 
had held meetings on October 30, 1934, and April 24, 1935. 

The proposed American Recommended Practice in the form of an 
Inspector’s Handbook was approved by letter-ballot vote of the Sec- 
tional Committee. The committee plans to delay its submittal to 
the sponsor societies, however, until the new references to the revised 
Safety Code for Elevators are known. 

Junior A ivisory Member. Upon the recommendation of the Com- 
mittee Carl Endlein, mechanical engineer connected with the C. J. 
Tagliabue Manufacturing Company, Brooklyn, N. Y., was appointed 
by President Flanders as the Junior Adviser to the Safety Committee. 

It is with deep regret that the committee reports the death of one 
of its members, M. H. Christopherson, on September 9, 1935. 


Respectfully submitted, 


W. M. Grarr, Chairman 
H. H. Jupson 


H. L. Miner 
J. B. CHALMERS 


Special Committees 


ADVISORY BOARD ON TECHNOLOGY 


On December 7, 1934, the Council of The American Society of 
Mechanical Engineers took the following action: 


Voted: That the Advisory Board on Technology be established for 
two years, under the direction of the Council, with functions as stated 
below: 

(1) Assume the responsibility of coordinating the activities of the 
general meetings and congresses, divisions, research, and publications 
of the Society. 

(2) Assume the responsibility of leadership and initiative with re- 
spect to coordination. 

(3) Interpret the provisions of the Society’s By-Laws concerning the 
jurisdictions and policies of the several committees represented on 
the Board. 

(4) Review and recommend policies proposed by the séveral com- 
mittees for the control of their activities. 

(5) Hold at least two meetings each year. 


(Note: This Board is to consist of five, a Chairman from the 
Council, named by the President, and one member of each of the 
following Standing Committees: Meetings and Program, Professional 
Divisions, Research, and Publications.) 
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In the discussion, it was emphasized that the responsibilities of 
coordination, leadership, and initiative gave the Board a tremendous 
opportunity to advance the Society’s purposes which are embodied 
in the new By-Laws adopted by Council on December 3, 1934, as 
follows: 

(a) Encouraging engineering research, tests and other original work. 

(b) Encouraging the preparation of original papers on engineering 
topics. 

(c) Holding meetings fer the presentation and discussion of original 
papers and participating in international engineering congresses. 

(d) Publishing papers and reports and disseminating knowledge 
and experience of value to engineers. 


PERSONNEL 
The members of the Board appointed by President Flanders (for a 
term of two years) and the committees they represent are: Robert 
I. Rees, Meetings and Program; K. H. Condit, Professional Divisions; 
S. W. Dudley, Publications; D. B. Bullard, Research; and A. A. 
Potter, Council, chairman. 


MEETINGS AND ACTIONS 


Two meetings of the Board have been held, January 25 and April 
18, 1935. Discussions at both meetings centered around problems 
relating to the coordination of the activities of the committees repre- 
sented on the Board and to publications. At the second meeting the 
principle of planning the work of the Society in the technical and edu- 
cational development of the profession and of members was also dis- 
cussed. 

The view was expressed that every encouragement be given to local 
sections to send in for consideration by the Committee on Publica- 
tions the manuscripts of papers presented at their meetings. The 
committee and the editor were represented as being willing to con- 
sider, as in the past, original papers of permanent value for publica- 
tion in the Transactions, and papers of current interest for publica- 
tion in Mechanical Engineering, which is a record of advancement. 

The problems of the Committee on Publications in adequately 
serving the committees and agencies that provide papers and reports 
were discussed. Every effort is to be expended in raising the quality 
of papers and assuring that the papers of permanent value are re- 
ceived sufficiently in advance of meetings to insure adequate review 
and preprinting so that full discussion will result when the papers are 
discussed. The principle of budgeting space in the publications to 
these committees and agencies, as a first step in coordination and 
planning, was approved. 

Relations with the technical press were clarified. 

The relation of the professional divisions to the programs of local 
sections was discussed. 

The importance of research as related to other activities of the 
Society was emphasized, including the opportunity for the research 

ecommittees and professional divisions to cooperate in preparing bib- 
liographies. 

Emphasis upon educational quality should be the major guide and 
it was considered important to keep the individual member engineer- 
ing-minded. 

A coordinated budget for the committees represented on the Board 
of Technology was approved. 


Respectfully submitted, 


A. A. Porrer, Chairman 
D. B. BuLuarD 
K. H. Conpir 


S. W. 
R. I. Rees 


ADVISORY BOARD ON STANDARDS AND CODES 


One of the recommendations of the Special Committee on Policies 
and Budget of which Harry R. Westcott is chairman, was the estab- 
lishment of an Advisory Board on Standards and Codes. It is ex- 
pected that this Board will further coordinate the activities of the 
four committees in charge of the standardization and code-making 
activities of the Society. Several conferences of representatives of 
these activities with members of the Committee on Policies and 
Budget were held last fall and the statement of purpose of this board 
was finally developed at a meeting of these representatives on Decem- 
ber 6, 1934. It was approved by the Council on December 7. 

The Advisory Board on Standards and Codes is established for 
two years, under the direction of the Council, with the following or- 
ganization and functions. This Board is to consist of five members, 
a chairman appointed by the President from the membership of the 
Council and one member named by each of the following four com- 
mittees, Boiler Code, Standardization, Power Test Codes, and Safety. 
This Board shall be advisory to the Council and shall assist in (1) 
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establishing general policies pertaining to standards and codes, (2) 
initiating and developing standards and codes, and (3) coordinating 
the activities of the several committees which are represented in its 
membership. It plans also to cooperate with the Board of Tech- 
nology. 

The first meeting of the Board was held on May 9, 1935, at which 
the time was spent principally in discussing general policies and the 
methods of work of the constituent groups. It considered also the re- 
quest of the Committee on Policies and Budget to the effect that the 
Advisory Board on Standards and Codes cooperate with it in deter- 
mining the broad purposes and long-range policies which should con- 
trol the Society’s standards and codes activities. 


Respectfully submitted, 


A. D. Battey, Chairman 

L. <A. CoRNELIUS 
(Standardization) 

V. M. Frost (Boiler Code) 


W. M. Grarr (Safety) 
Francis HopGKINSON 
(Power Test Codes) 


BOARD OF REVIEW 


The Board of Review held nine meetings during 1935 to consider 
the requests of members for dues cancelation and inactive status, 
provided in the policy which was adopied by the Council on Decem- 
ber 2, 1934. 

The number of requests received for consideration total 378, and in 
response, recommendations were made to the Executive Committee 
of Council, as follows: 


378 


Dues canceled in connection with the 345 requests approved and 
the fiscal years to which such dues applied are given below. The can- 
celation of this amount in reality does not represent a real financial 
loss in Society revenues since the Board in each instance received 
satisfactory evidence of the impossibility of collecting such arrears. 
Furthermore, in some cases, the cancelation of part-dues arrears was 
made contingent on and resulted in the immediate payment of the 
dues-arrears balance or dues for the current year. 


Fiscal year 

dues ending Amount canceled 
60. 
»782.58 


$11,212.98 


In considering each request to cancel dues, the Board carefully 
weighed the all-important matter of loss of income to the Society. 
In several instances the unsolicited pledge of the member was volun- 
tarily given that, if temporarily relieved of previous dues incurred 
and for which no publications or other services were rendered by the 
Society, he would immediately assume current dues obligations or 
those payable after October 1, 1935. In recommending favorable 
action in such cases, the continued interest of the member in the 
Society’s welfare was retained with a reasonable certainty that active 
status with regular dues payments would follow in the near future. 
Further, the grateful acknowledgments received after notification 
was sent of favorable action leads the Board to believe that the Society 
will continue to hold indefinitely the good will of those members who 
have suffered serious misfortunes during the past few years. Where 
circumstances deemed it advisable, the Board canceled only that 
part of the dues arrears that would permit retaining the delinquent 
member on the Society roster. In such cases the member was asked 
to endeavor to pay the balance of arrears and current dues. 

With each request for dues cancelation a detailed confidential state- 
ment was submitted by the member and individual attention given by 
the Board to the facts presented in such application. Where com- 
plete information was omitted, a communication was dispatched to 
the member and a further opportunity given to submit additional 
details. The recommendations of Local Sections received in certain 
instances were most helpful in assisting the Board. 

In acting for the Council, the Board was most sympathetic in its 
treatment of cases where there had been a long period of faithful 
membership. On the other hand, the employment difficulties of the 
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recently graduated Junior members received equally sympathetic 
consideration. 

In the majority of cases where dues cancelation were recom- 
mended to Council, two or more of the following conditions existed: 


(a) Continued period of unemployment 

(b) At present temporarily employed in relief projects 

(c) At present unemployed 

(d) Drastic salary readjustment 

(e) Loss of income, due to bank failures, bankruptcies, etc. 
(f) Loss in income due to ill health or old age. 


The Board is firmly convinced of the necessity of handling promptly 
the membership status of dues-delinquent members and of the return 
to the enforcement of the Society’s By-Laws canceling membership 
after a lapse of 15 months in membership dues. Continuation of such 
a policy in the future insures elimination of the suspension and drop- 
ping of several thousand delinquent members at one time as resulted 
in September, 1934, following a most liberal dues policy. 

In conclusion, the Board offers the following recommendations for 
further consideration by Council: 

1 That the Council continue to enforce the provisions of Par. 4, 
Article B5, Fees and Dues, with a liberal policy toward those members 
anxious to retain their membership but unable to pay annual dues 
for the reasons enumerated above. 

2 That the provision for inactive status without membership 
privileges be extended one year from October 1, 1935. 

3 That no member of the Board of Review serve longer than a 
three-year term. 


Respectfully submitted, 


Henry B. Oat.ey, Chairman 
A. D. BLAKE 
JoHNn NErr 


BOILER CODE 


The Boiler Code Committee submits the following report for the 
fiscal year ending September 30, 1935, covering activities other than 
its regular routine work. 

During this period the Committee held nine regular meetings and 
several executive committee meetings which were devoted to inter- 
pretations of the various sections of the Code and to the formulation 
of revisions and addenda thereto. 

To keep abreast of the progress being made in the development of 
pressure vessels and of the materials of which they are constructed, 
the Committee has made necessary revisions and additions to the 
various sections of its Code. These changes are to a great extent the 
result of suggestions from manufacturers, inspectors, users, and 
others. These revisions were formally adopted by the Council on 
July 23, 1935, and distributed in pink-colored addenda sheets. 

The Committee has under consideration the adoption of more com- 
prehensive rules for the use of cast iron in the construction of cast-iron 
unfired pressure vessels under limited conditions. It has been 
brought out that there appears to be a continued demand for permis- 
sion to use cast iron in Code vessels. It also appears that there are a 
great many unfired pressure vessels in use with some portion made of 
iron castings and, therefore, it appears desirable that some recog- 
nition be given in the Code to the use of cast iron which will en- 
able manufacturers to take advantage of the extensive use of this 
material. 

Various non-ferrous alloys as well as ferrous alloys are being de- 
veloped which appear to have considerable merit for use in the con- 
struction of special pressure vessels for varying types of service. 
As a result, a special committee is investigating these materials with 
the expectation of introducing suitable provisions for Code specifica- 
tions and working stresses for such materials. 

Consideration was given to a request for provisions in the Code for 
acceptance of malleable iron for pressure parts of pipes, fittings, 
valves, and their bonnets. A similar provision has appeared in the 
Code for some time for the use of cast iron and the feeling was ex- 
pressed that malleable iron should also be provided for. Asa result a 
rule has been incorporated in the Code to allow for the use of high- 
grade malleable iron, which complies with the material specifications 
in the Code for malleable iron, for boiler and superheater connections 
under pressure. 

Three A.S.T.M. specifications for condenser tubes and ferrule stock 
for unfired pressure vessels have been added by the Committee for 
incorporation in the Material Specifications Section of the Code. 
These specifications are as follows: Specifications S-29 for Seamless 
70-30 Brass Condenser Tubes and Ferrule Stock (A.S.T.M. Desig- 
nation B55-33); Specifications S-30 for Seamless Muntz Metal 
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Condenser Tubes and Ferrule Stock (A.S.T.M. Designation B56-33) ; 
Specifications S-31 for Seamless Admiralty Condenser Tubes and 
Ferrule Stock (A.8S.T.M. Designation B44-33). 

Since the adoption in 1934 of a new set of rules for flat heads, the 
desirability of providing for additional types of flat heads was re- 
ported on by the Subcommittee on Special Design. As a result, 
additional rules have been added to cover the designs of crimped 
flat heads, of screwed-in flat heads, and of flat heads with mechanical! 
locks. 

Further study has been given to the Rules for Bolted Flanged 
Connections which required qualification of some of its requirements. 
As a result, revisions have been made of some of its requirements to 
eliminate the inconsistencies. 

Consideration has been given to a proposal for coordination of the 
A.S.M.E. and the A.P.I.-A.S.M.E. Codes for Unfired Pressure Ves- 
sels. As a result, a special committee has been appointed to revise 
Section VIII of the A.S.M.E. Boiler Code which will embody the 
best features of the A.S.M.E. and the A.P.I.-A.S.M.E. Codes for 
Unfired Pressure Vessels. 

As a result of data submitted to substantiate the reliability and 
safety of the flame-cutting method of preparing the edges of plate for 
pressure vessels to be welded under the requirements of the Code, 
the Code has been revised to permit the use of this method. 

New rules have been adopted and incorporated in the Unfired 
Pressure Vessel Code to cover the use of electric-resistance butt 
welding for unfired pressure vessels. The requirements are similar to 
those in the Power Boiler Code. 

After considerable experimentation and work, the Special Com- 
mittee on X-Ray Requirements has selected a master set of radio- 
graphs, reproductions of which are now available. 

The Committee has cooperated with the U. 8S. Naval Experiment 
Station in submitting comments on its specifications for boiler-water 
gages, including glasses, frames, fittings, illuminators, etc. 

New rules for the construction of marine boilers and pressure vessels 
adopted by the U. S. Bureau of Navigation and Steamboat Inspec- 
tion and based upon a report of the Special Committee to Coordinate 
the Marine Boiler Rules were finally adopted and issued. The part 
taken by the A.S.M.E. in preparing these rules was outlined in a state- 
ment published in the September, 1935, issue of Mechanical Engineer- 
ing. 

The Committee appointed V. M. Frost as its representative on 
the Advisory Board on Standards and Codes which was formed by 
the Council to establish general policies pertaining to standards 
and codes. 

c, A. Adams, A. J. Ely, and Walter Samans were appointed mem- 
bers of the Main Committee of the Boiler Code Committee. John A. 
Darts was appointed a member of the Subcommittee on Heating 
Boilers. C. E. Bronson was appointed to replace M. F. Moore as a 
member of the Subcommittee on Heating Boilers. E. O. Waters 
was appointed a member of the Subcommittee on Special Design. + 
Commander W. P. Portz replaced Commander R. F. Frellsen as the 
representative of the Bureau of Engineering of the U. S. Navy De- 
partment. 

The Committee reports with regret the death of C. D. Thomas, 
chief boiler inspector of the State of Oregon and a member of the 
Conference Committee to the Boiler Code Committee. 

The States of Maine and North Carolina have adopted the A.S. 
M.E. Boiler Code as their standard for the construction of power 
boilers, which makes a total of 21 states in which the Code is opera- 
tive. 


Respectfully submitted, 
The Boiler Code Committee 


F. R. Low, Chairman 

D. S. Jacosus, Vice-Chairman A. M. Greene, Jr. 

C. W. Oxpert, Honorary Secretary F. B. Howeuu 

C. A. ADAMS J. O. Leecu 

H. E. Aupric# M. F. Moore 

W. H. I. E. Mouttrrop 

R. E. C. O. Myers 

F. S. H. B. Oatiey 

W. F. Duranp JAMES PARTINGTON 

A. J. Ey WaLTeR SAMANS 

E. R. Fisxu C. L. Warwick 

V. M. Frost A. C. WEIGEL 

C. E. Gorton H. LeRoy Wuitney 
BOND ISSUE 


During the current fiscal year, the Bond Issue Committee has re- 
ceived subscriptions for $8200 for the purchase of Certificates of 
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Indebtedness, bringing the total up to $44,650, of which $600 in 
certificates are held in the treasury of the Society, being gifts of the 
purchasers. P 

Collateral of the face value of $68,750 is being held by the Trustees 
of the Certificates of Indebtedness. The interest due on the out- 
standing certificates of indebtedness was paid in full on January 1 and 
July 1, 1935, and for the coming fiscal year there is provision in the 
budget for the payment of interest when due and for the retirement 
of 10 per cent of the face value of the certificates outstanding. 

It is expected that further activity of this Committee will not be 
required and it therefore requests its discharge. 


Respectfully submitted, 


Dexter 8S. Chairman JoHn H. LAWRENCE 
Paut Doty W. R. Wesster 

W. A. HANLEY W. H. WINTERROWD 
C. F. HirsHrecp Erik Opera, Ex-Officio 


CAPITAL-GOODS INDUSTRIES 


The situation in the captial-goods industries in the United States 
has been so confused and uncertain during the current year, largely 
because of the impact of economic forces without the industries, that 
the committee has found little that it could do effectively. 

One research project was carried to completion, however. The 
January, 1935, issue of Mechanical Engineering published a paper 
on “Code Restrictions on Machinery and Production,’ by W. E. 
Hopkins and J. F. Nelson. It is a privilege to express appreciation 
of the diligent work of these two Junior Members of The American 
Society of Mechanical Engineers, and through them to acknowledge 
the cooperation of the Junior group in Society affairs. 


Respectfully submitted, 


L. P. ALForp, Chairman L. W. W. Morrow 
R. E. FLANDERS Ertk OBERG 


CITIZENSHIP MANUAL 


The committee during the course of the year has printed and dis- 
tributed approximately sixty-five hundred copies of a pamphlet en- 
titled ‘“‘The Engineer's Duty as a Citizen,”’ by Roy V. Wright. 
This pamphlet was the revision of one used in a discussion course 
given by Dr. Wright at the Newark College of Engineering. A copy 
of the pamphlet was mailed to every Student and Junior Member of 
the Society, and in the letter of transmittal the committee directed 
attention to the fact that: 

“It is the object of this pamphlet to stimulate, help, and direct 
young men toward a larger participation in community activities, both 
political and otherwise; and if there is any matter which you think 
should be added or modified or deleted, the committee would value 
your suggestions very highly. Particularly in the matter of sug- 
gested questions, we are anxious to secure the reaction of the younger 
members of the Society. 

‘We are asking for this contribution on your part because we know 
that the success of this movement depends upon the younger men, 
and it is absolutely necessary that we have your suggestions and 
criticisms if this material is to be really helpful.” 

The committee received a very considerable number of criticisms 
and suggestions widely scattered over the United States. Most of 
the criticisms were from student members and came from suggestions 
arising from discussion in the student branches of the Society. 
The criticisms in the main were constructive and pointed out the 
need of some group discussion in connection with the distribution 
of the pamphlet. 

The great need for something of this kind and the particular neces- 
sity for focusing the attention of the younger man on this phase of 
the fuller life of an engineer was generally accepted, and it was felt 
that the pamphlet, supplemented by some discussion conducted 
by a local engineer of prominence, would be particularly fruitful. 

Dr. Wright has during the past few months made a further revi- 
sion, and this is now ready for mailing. The committee contemplates 
the distribution of this pamphlet to the student branch advisers in 
the various colleges in the United States with the particular hope that 
it will furnish the basis for discussion on the part of the student mem- 
bers of the Society. 


Respectfully submitted, 


ALLAN R. Cututmore, Chairman 
Roy V. Wricat Linuian M. GILBRETH 
W. H. WinTERROWD Jos. W. Rog 


COOPERATIVE RELATIONS 


This Committee was asked to study the problem of the relations 
of the Society to the various bodies in engineering and the relations 
between the functions of the joint bodies. Its report was presented 
to the Council in June, 1935, and the recommendations are under 
consideration by the Cov 


Respectfully submitted, 


Haroitp V. Cogs, Chairman 
Rosert I. Rees 
D. Ropert YARNALL 


THE ECONOMIC STATUS OF THE ENGINEER 


The general economic status of the engineering profession has 
improved somewhat during the past year. The improvement in the 
manufacturing industries has been reflected in the slight improvemert 
in engineering employment. Durable-goods industries are still 
operating at only partial capacity, and although statistics available 
show that losses were incurred in these industries during the past year 
the earnings of the group as a whole have increased. 

In cooperation with the American Engineering Council the United 
States Department of Labor conducted a questionnaire study of the 
earnings of engineers. About seventy thousand responses were 
received by the Department. These are being tabulated and it is 
expected that a report will be available shortly after the first of 
October. This Committee is holding itself in readiness to interpret 
the findings of the study in so far as they affect mechanical engineers 
and present them for publication and discussion if such discussion 
will prove helpful. 


Respectfully submitted, 


C. F. HrrsHretp, Chairman W. E. WICKENDEN 


D. S. C. N. Laver 
N. B. OaTLEY W. L. Duptey, F2x-Offcio 
H. L. WHITTeMORE W. L. Assort, Ex-Officio 


ENGINEERING HISTORY 


At the 1934 Annual Meeting of The American Society of Mechani- 
cal Engineers a session on Engineering History was held, at which a 
resolution was adopted asking the A.S.M.E. to take the lead in or- 
ganizing a joint movement for the study of Engineering History. 

A committee has been organized with representatives on it from 
the A.S.C.E, A.I.M.E., and the A.I.Ch.E. 

Progress is being made. 


Respectfully submitted, 


Geo. A. OrroK 
Jos. W. Rog 


JUNIOR PARTICIPATION 


The Committee on Junior Participation approved the following 
methods for stimulating interest among the 3500 junior members of 
the Society in mechanical engineering as a profession and in the work 
of the Society: 

1 All Local Sections should arrange dinner meetings at which at 
least two members should be assigned to each Junior Member with 
the idea of bringing the Juniors in contact with the older members of 
the profession in their own localities, and with the hope that personal 
friendships would thereby be stimulated. 

2 Meetings should be arranged at which the program would be 
entirely in the hands of the Juniors, or, if this is not possible, that 
Juniors should be urged to present papers at Section Meetings. 

3 Juniors should be encouraged to take part in the discussion of 
papers at Section Meetings, by appointment, and by sending them 
advance copies of the papers if possible. 

4 Juniors should be urged to prepare articles for publication in 
Mechanical Engineering, and the Publications Committee should be 
asked to give special consideration to these papers. 

5 Members of the Society should be designated as special advisers 
to Junior Members in their Sections. 

6 The Committee should offer its assistance to General Rees of the 
E.C.P.D. in carrying out his program for recent graduate engineers 
with reference particularly to developing the characteristics which 
the proposed examination for certification demand. 

7 In every Local Section one or more of the older and more promi- 
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nent members should be requested to bring about the proper mental 
attitudc of the members in their locality with reference to the younger 
entrants to our profession. Invitations to Juniors to the homes of 
the older members should be the more general custom. 

8 The Secretary of the A.S.M.E. should send every year a list of 
Junior Members in each Local Section to the chairman or secretary 
of that Section. Upon the receipt of this list the chairman should 
send a communication to each Junior Member inviting him to visit 
him personally and to attend the meetings of the Section. In the 
case of large Sections the chairman may wish to divide the Junior 
list among a number of prominent members who will be willing to 
correspond and to show special courtesies to a small group of Juniors. 

This program is being carried out in cooperation with the Com- 
mittee on Local Sections. 


Respectfully submitted, 
D. B. Prentice, Chairman A. A. PoTrer 
W. A. HANLEY W.H. WINTERROWD 


MANUAL OF PRACTICE 


The procedure adopted by the Committee looking to the ultimate 
preparation of a manual for the Society has been that of citing specific 
instances or classes of problems with which the manual should be 
concerned. At the Council Meeting of December, 1934, there was 
presented a statement concerning the engineering duties and prac- 
tices to be expected of the engineer and the manufacturer, respec- 
tively. This statement was approved by Council and published in 
Mechanical Engineering for February, 1935, Subsequent to the ap- 
pearance of this statement the Committee has had numerous inter- 
views with consulting engineers and manufacturers in various com- 
mercial fields. There has been a unanimity of approval in all cases 
for the principles contained in the statement. 

Since the promulgation of the Commitiee’s first statement several 
other specific matters have been brought to our attention but it is 
unfortunate that because of their limited scope no action is considered 
advisable at this time. 

On the other hand the Committee feels that the general member- 
ship of the Society should be kept constantly aware of our problems, 


_ particularly through the issues of Mechanical Engineering, and the 


Committee again urges that a definite program be initiated to ask 
the Society membership for cases, items, and matters which might be 
the subject of Committee discussion and action. 

The Committee regrets the retirement of W. A. Shoudy as his 
leadership was of inestimable worth. 


Respectfully submitted, 


B. F. Woop, Chairman 
ALFRED IDDLES 

Wynn 

J. M. Topp 


C. G. Spencer, Ex-Officio 
THEODORE BAUMEISTER, JR., 
Acting Secretary 
Partie WERNER, Junior Adviser 


POLICIES AND BUDGET 


The first phase of this Committee’s work, completed in 1933, was a 
study of Society operation and finances used as a basis for a reduced 
budget for 1933-1934. The second phase of its work, which is still 
under way, was initiated with a new statement of Society purposes, 
approved for inclusion in the By-Laws by Council in December, 1934, 
the suggestion of changes in membership grades which are to be 
voted by the membership at the end of the fiscal year, and certain 
modifications in Society organization to simplify it and make it 
more responsive to the needs of the membership. 


Respectfully submitted, 
Harry R. Westcott, Chairman Joun H. LAWRENCE 


L. P. ALForpD R. G. Macy 

B. M. Brieman A. L. 

H. M. Burke M. C. MaxweELu 

W. H. Carrier Osere (Ex-Officio) 
ALFRED IDDLES J. W. Parkrr 


L. K. Smuucox 
W.H. WINTERROWD 


A. C, Jewett 
J. N. Lanpbis 


PUBLIC AFFAIRS 


The Committee on Public Affairs was authorized by Council in 
July, 1934, to recommend to the Society policies in regard to participa- 
tion in national, state, and local affairs in accord with a modification 
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of the By-Laws made in December, 1934, which included the following 


statement: 


“Increasing the usefulness of the organized engineering profes- 
sion by ...... (C) encouraging engineers to participate in public affairs.”’ 

To insure complete cooperation with American Engineering 
Council, this Committee was constituted of present and past repre- 
sentatives of this Society on the Council. 

This Committee has held one meeting at which a number of pro- 
cedures for carrying out the purposes of the Committee were can- 
vassed. Further activity depends in some measure on the program of 
American Engineering Council. 


Respectfully submitted, 
Roy V. Wriaut, Chairman 


L. P. ALForD A. A. Porrer 
Paut Doty J. W. Rog 
R. E. FLANDERS D. Rospert YARNALL 


CALVIN W. RICE MEMORIAL 


The Committee on Calvin W. Rice Memorial was appointed in 
October, 1934, to consider suggestions for a suitable memorial to Dr. 
Calvin W. Rice. 

As guides for the purposes of suitable memorials, the Committee 
has selected Dr. Rice’s keen interests in international friendliness, in 
young men, and in the portion of the membership not able to attend 
the great annual gatherings of the Society in New York. 

The Calvin W. Rice Memorial Lecture has been established. This 
lecture is to be given at the Semi-Annual Meeting of the Society by 
a distinguished foreign engineer or other person with international 
interest. In the record book of the lectureship are the names of Dr. 
John H, Finley of New York, who delivered the tribute to Doctor 
Rice at the 1934 Annual Meeting, and of Dr. Adolph Meyer of Swit- 
zerland, lecturer at Cincinnati in June, 1935. 

Further plans are under consideration. 


Respectfully submitted, 


H. N. Davis, Chairman J. D. CUNNINGHAM 
W. F, Duranp R. L. Sackgtt 

C. E. C. N. Laver 

J. W. PARKER E. W. O’Brien 


GEORGE WESTINGHOUSE BUST 


This committee is charged with the responsibility of advising the 
Council as to the custody of a Bust of George Westinghouse, Honor- 
ary Member and Past-President of the A.S.M.E. 

At a meeting of the Committee, December 5, 1934, Ambrose Swasey 
was elected honorary chairman of the committee, Dean Dexter S. 
Kimball chairman, L. B. Stillwell, vice-chairman, and C. E. Davies, 
secretary. On nomination of the Committee Messrs. L. A. Osborne 
and Karl T. Compton were added to its personnel. 


Respectfully submitted, 


D. S. Chairman 
AmMBROSE SwasEy, Honorary Chairmen 8. W. 

L. B. STILLWELL, Vice-Chairman C. N. Lauer 
C. E. Daviss, Secretary L. A. OsBoRNE 
W. W. ATTERBURY C. F. Scotr 


Joint Activities 


Reports for the year 1933-1934 were also presented to the 
Council by representatives of the Society on a number of joint 
activities. Reference to some of these will be found in the 
Report of the Council and others are presented or summarized 
in the following pages. 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT 
OF SCIENCE 


Section M 


During the period between October 1, 1934, and September 30, 
1935, one meeting of Section M, Engineering, of the American Asso- 
ciation for the Advancement of Science was held in connection with 


the winter meeting of the Association, in Pittsburgh, December 27,. 
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1934, to January 2, 1935. The principal feature of the meeting was 
the address of the retiring vice-president, Dr. C. F. Kettering on 
“Some Future Problems of Science and Engineering.”” The program 
included also problems of stress distribution and plastic deformation 
in metals and joint sessions on Cost and Cost Theory and History 
of Interesting Technological Developments, with the Section on 
Social and Economic Sciences and the Section on Historical and 
Philological Sciences, respectively. 

No session of Section M was held during the summer meeting of 
the A.A.A.S. in Minneapolis in June, 1935. 

The coming winter meeting of Section M will be held at St. Louis 
and active steps are under way to develop a strong engineering pro- 
gram. 


Respectfully submitted, 


SumMNER B. 


AMERICAN BUREAU OF WELDING 


The relations between the A.S.M.E. Boiler Code Committee and 
the American Bureau of Welding continue to be on the most cordial 
basis and all items of welding which are referred jointly to the Ameri- 
can Welding Society Committee and our Subcommittee on Welding 
are given most careful attention. 

Cooperation of the American Welding Society is perfect, and our 
relations most satisfactory. 


Respectfully submitted, 
James PartineTon, A.S.M.E. Representative 


AMERICAN ENGINEERING COUNCIL 


The membership of The American Society of Mechanical Engineers 
participates in national public affairs of engineering significance 
through the American Engineering Council, with offices in Washing- 
ton, D.C. In keeping with its long-established policy of seeking to 
serve the common interests of all engineers as well as those of its own 
members, the A.S.M.E. has actively supported the work of the A.E.C. 
from the beginning. 

The membership of American Society of Mechanical Engineers is 
officially represented in these common activities of the American 
Engineering Council through five delegates. Both nationally and 
locally, many other members participate in the work. Their dele- 
gates, on the occasion of the annual meeting of the Council, held in 
January, in Washington, and through the year, through their service 
on committees of the Council and through coordination between the 
staff of the A.S.M.E. and the staff of the Council forward many 
matters of common interest to all engineers and especially to the 
members of our society. 

With the great increase in the legislative and administrative ac- 
tivities of the Federal Government as they have affected industry 
and engineering during the past three years, there has been ample 
opportunity for mechanical engineers to relate themselves to this 
work. Contacts in Washington, long established, understanding of 
the procedures of the Federal Government, and the development of 
staff and committees to relate the American Engineering Council to 
these rapidly growing government activities have enabled the pro- 
fession to participate intimately through what has come to be called 
the Washington Embassy of American engineers and engineering. 

This rapid development of Government agencies relating in one 
way or another to the development of our natural resources, our 
public utilities, our capital goods, including machinery and construc- 
tion, and our transportation and communication industries, has made 
the task of the American Engineering Council very much greater 
than ever before. 

The following of legislation, the interpretation of Executive Or- 
ders, and the aiding in the staffing of government bureaus and con- 
sultations on policies and methods of fulfilling much of the new legis- 
lation has related American Engineering Council in new ways to our 
national program. It is literally true that more legislation has been 
passed directly affecting the welfare of engineers during the last two 
years than through the ten years preceding. To the original purpose 
of the founders of the American Engineering Council to provide an 
organization to aid in molding legislation on engineering matters of 
public interest has been added the past year or two the practical task 
of molding methods in the application of legislation. 

The first organized approach to the study of the present widely ex- 
panded government program with regard to furnishing a means of 
interpreting to the profession as a whole the details of the many 
legislative programs took place at the annual meeting of the Council 
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in January, 1935. In line with the need, instead of devoting the en- 
tire time to business sessions, a symposium of Federal activities was 
held and a first hand account was given by members of the Federal 
Government announcing their plans and deeper purposes as related to: 


(1) Planning and the development of natural resources 
(2) Construction 
(3) Durable-goods industries. 


Among the prominent Federal officials who addressed the several 
sessions were: Hon. Marriner S. Eccles, Governor, Federal Reserve 
Board; Hon. M. L. Wilson, Assistant Secretary of Agriculture; Dr. 
Harlow S. Person, of the National Resources Board; Capt. R. S. 
Patton, director, U. S. Coast and Geodetic Survey; Dr. Isador Lubin, 
commissioner of labor statistics; Col. D. H. Sawyer, director, Federal 
employment stabilization office; Clarence McDonough, chief of the 
engineering division, Public Works Administration; Charles C. 
Anthony, industrial adviser, and Thomas Hibben, chief engineer, 
Federal Housing Administration; Wm. P. Witherow, vice-chairman, 
industrial advisory board, National Recovery Administration; and 
R. E. W. Harrison, chief, machinery division, U. 8S. Bureau of For- 
eign and Domestic Commerce. 

Dr. Harold G. Moulton, president, The Srookings Institution, 
addressed the largest group ever assembled to attend the Annual 
Dinner. He discussed the economic trends leading to the depression. 

The opportunity to hear these Government officials was afforded 
not only to members of the assembly and to engineers resident in 
Washington and environs, but also to secretaries of engineering so- 
cieties who had assembled from all parts of the United States to dis- 
cuss their own problems at a conference held under the auspices of 
American Engineering Council and in conjunction with its annual 
meeting. 

In line with this aggressive policy of coordination, the annual as- 
sembly voted to provide a method for further correlation of activities 
of engineers in public affairs through a plan for local membership 
whereby local organizations as well as national organizations could 
participate in the work of Council without duplicating financial 
structures. To this end a committee, consisting of Messrs. Bickel- 
haupt, Alford, Trullinger, and Wendt, with Dr. McCir'!an as ad- 
viser, proposed a plan of membership to open the way to affiliation 
with the Council to a large number of state and local engineering 
organizations. This new plan permitted such an organization to be- 
come a member for the nominal fee of $25 per thousand members per 
year, the expenses of the delegate at the annual meeting to be paid 
by the member-organization. 

Under this plan the following engineering organizations have 
joined Council since the first of the year: 


Arkansas Engineers Club 

Cleveland Engineering Society 
Engineers Club of Baltimore 
Engineers Club of Columbus 
Engineers Club of Philadelphia 
Engineers Club of St. Louis 
Engineering Societies of New England 
Engineering Society of Western Pennsylvania 
Florida Engineering Society 
Louisiana Engineering Society 
Michigan Engineering Society 
Providence Engineering Society 

South Carolina Society of Engineers 


A third policy established during the year was to strengthen and 
further cooperation between member-organizations and the Council 
through the dissemination of information as widely as possible. With 
the cooperation of the editors of the journals of the Founder Societies 
and of the editors of the other technical journals, regular monthly 
reports of Council’s activities are published for the information of 
the members. 

Beginning July 1, 1935, the information service has been further 
strengthened by the establishment of a plan of placing on file in the 
offices of member-organizations the basic laws of the administrative 
and executive orders dealing with engineering matters. This addi- 
tional ‘‘Washington Embassy Service” has been developed from the 
viewpoint of increasing not only the general knowledge of members of 
the societies but of making available locally information concerning 
government expenditures which would constitute the basis for em- 
ployment of many individuals. 

A mimeographed monthly news letter is mailed to delegates, com- 
mittee members, and officers of local sections, for their personal in- 
formation. 

The fourth policy in course of development is the establishment in 
each state of public-affairs committees. In accordance with a plan 
approved at the annual meeting in January, these committees are 


“ 
| 
{ 
| 
~ 
| 
& 
| 
t 
§ 
: 
ad 
io f 
| 


RI-112 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


to be coordinated with the national Committee on Public Affairs. 
This plan of coordination of state committees on public affairs rests 
for its success upon the cooperation of local sections and of local en- 
gineering societies and can only come about gradually through the 
active participation of local organizations in districts not now repre- 
sented in national affairs. The general purpose of this program is to 
take advantage of present organizations to provide the machinery 
for securing the organized discussion of public problems by engineers 
instead of setting up any new organization or duplicating the activi- 
ties of others. 

In the fifth place, to provide coordination within the committee 
activities of American Engineering Council itself. The Executive 
Committee of Council approved the development of three broad 
classes of committees: 


(1) Public-affairs committees 
(2) Engineering and economic research and inquiry committees 
(3) American Engineering Council operating committees. 


In order to simplify procedure, in so far as possible, special commit- 
tees have been made subcommittees of standing committees. 

In the first group is included the Committee on Public affairs and 
related to it as subcommittees are the committees on administration 
of public works, aeronautics, competition of Government with engi- 
neers in private practice, engineers water power policy, flood control, 
patents, rural electrification, and water resources, also representation 
on the Advisory Council of the Federal Board of Surveys and Maps. 

In the second group are included the committee on engineering and 
allied technical professicns, the relation of consumption, production 
and distribution, and the naval towing tank; also representation on 
the board of directors of the National Bureau of Economic Research 
and the Board of National Councilors of Purdue Research Founda- 
tion. 

In the third group, are included the committee on constitution and 
by-laws, to which the committee of tellers serves as a subcommittee, 
the finance committee, committee on membership and representation, 
publicity and publications, and regional activities. 

The activities of four committees of the Council will have special 
interest for members of The American Society of Mechanical Engi- 
neers. 

(1) The Committee on Aeronautics, under the chairmanship of 
Grover C. Loening, is proceeding actively in carrying out the pro- 
gram by Council. The major features of the program are: 


(a) That a sum of $50,000 be appropriated each F nod as an addition to 
the budget of the National Advisory Committee for Aeronautics and subse- 
quently earmarked for research work to be done by universities and other in- 
stitutions of public learning. 

That none of such appropriation should be employed for educational 
purposes, construction of buildings or basic cenipmen- 

(c) Thata be appointed entitled ‘Committee on Cooperation 
between the N.A.C.A. and Universities Interested in Aeronautical Engineer- 
ing;’’ further that this committee should contain representatives of the Na- 
tional Advisory Committee for Aeronautics, of the Army, of the Navy, of the 
Department of Commerce, of the industry selected by the Aeronautical 
nee of Commerce, and of the universities engaged in aeronautical 
wor 

(d) That scientific workers at the universities or technical institutes de- 
siring to conduct research would submit to the A. a formal plan for 
such research, stating the object of the investigation, and the personnel 
available for execution for a given piece of research. The allotment of funds 
would be entirely within the discretion of these committees 

(e) Publications of worth-while research would be in the form of N.A.C.A. 
technical reports or technical notes. 


Dr. Alexander Klemin, secretary of the committee, has made several 
ecntacts in Washington in the interest of forwarding the program. 
(2) Committee on Engineering and Allied Technical Professions. 

The work of this committee is described in a later part of this 
statement. 

(3) The Committee on Patents, under the chairmanship of Dean 
A. A. Potter, is studying ten bills relating to patents and to copy- 
right laws which are pending before the Patents Committee of the 
House of Representatives. The legislation deals with such sub- 
jects as provision of counsel for the defense and prosecution of rights 
of indigent patentees, recording of patent-pooling agreements and 
contracts with the Commissioner of Patents, permitting single signa- 
ture in patent applications and validating joint patent for sole inven- 
tion; limiting the life of a patent to a term commencing with the date 
of application, compensation of owner for infringement of patents by 
U. S. Government, prevention of fraud, deception, and other improper 
practice in connection with business before the U. S. Patent Office, 
providing protection for registration of designs for textiles and other 
materials, making effective in the United States provisions of the 
International Convention for the Protection of Industrial Property 
relating to time limitations in which a foreigner may make applica- 
tion for a design patent, or a trade-mark application. 

A.S.M.E. members of the committee are Dean A. A. Potter, 
chairman, W. C. Lindemann, Edwin J. Prindle, and E. N. Trump. 


(4) The Committee on Water Resources, under the chairmanship 
of Wm. S. Conant, a former representative of the A.S.M.E. on the 
assembly of the Council, has submitted a report which the Council 
approved. The report points out that two fundamental needs for a 
National Water Resources Policy are: (1) complete and correlated 
data; (2) comprehensive study of water-control legislation. A 
federal Bureau of Water Resources is endorsed in principle and an 
interaepartmental Board of Water Resources Investigations is recom- 
mended to correlate investigational functions of federal units. Ex- 
tension of the work of the Water Planning Committee is recommended 
through a National Advisory Water Plarning Agency for comprehen- 
sive, integrated drainage-basin planning. 

The annual report of the Council will include an analysis of the work 
of all the committees. 


PROCEDURE AS TO LEGISLATION 


With so much of engineering interest at stake in the session of 
Congress just passed, it seems timely to summarize the policies and 
methods followed by the Council in legislative matters. The staff 
has had for its guidance: 

(1) Policies adopted by the Assembly and Administrative Board 
at Annual Meetings. 

(2) Advice on new matters from special and standing committees. 

(3) Precedent of several years on matters which do not require new 
rulings. 

(4) The viewpoint of public interest as a fundamental reason for 
participating in legislative activities. 

(5) The corollary viewpoint of advancing the economic status of 
the profession. 

The factors of public interest and the status of the profession are 
closely related in problems constantly arising in connection with the 
Federal program, due to the extraordinary relation of government to 
business at present. Competent engineers must be employed where 
engineers belong if the public interest is to be protected against faulty 
planning and wasteful execution. 

Although the ‘‘Washington Embassy” of engineers may not jump 
into drastically new lines of action in the name of the profession with- 
out due consultation and approval, it is not hemmed in by ponderous 
procedure. The precedent set on past work, recognized as in the 
interest of the profession, gives sufficient latitude for quick action on 
immediate, practical steps and leaves only the long-range phases for 
more deliberate action. 

Legislation which Council follows for engineers includes the follow- 
ing general categories: 

(1) Construction: Federal appropriations and administrative ma- 
chinery for construction. (The work-relief bill.) 

(2) Development of Industries: Amendments to the National Indus- 
trial Recovery Act, new patent legislation, etc. 

(3) Development of Natural Resources: Bills relating to water power, 
navigation, reclamation, soil-erosion control, surveys and maps, and 
similar public activities wherein the engineer serves in the develop- 
ment of ‘our national plant.’ 

(4) Engineers’ Welfare: General legislation in the field of unem- 
ployment insurance, old-age pensions, etc; bills such as civil-service 
measures, engineers’ compensation on federal and relief work, etc., 
more directly affecting the engineer. 

Scores of bills under each of the above headings have been under 
consideration. With its limited staff the Council has found itself 
obliged to concentrate on those of the greatest importance to the 
profession. Where needed, information and arguments have been 
presented to Congressional Committees in open hearings or other- 
wise. The Public Affairs Committee and its subcommittees are 
sent copies of important bills and documents and kept generally in- 
formed. 


CoopERATION WiTH GOVERNMENT AND PLACEMENT OF ENGINEERS 


As indicated above, so active have been the developments of 
Government agencies that what might be called a by-product in 
normal Council activities has become very important. 

From time to time the Council has been called upon to recommend 
engineers for positions and works in cooperation with the Engineering 
Societies Employment Service in which the A.S.M.E. participates. 
At the request of the Government, names of engineers technically 
qualified for positions, have been submitted to various agencies. 
Some 74 Government divisions now employ engineers. 

In addition to working from day to day on placement problems, the 
Council has made a number of analyses of the number and distribu- 
tion of engineers. These analyses led to a further activity, namely, 
the census of engineers which is being made with the cooperation of 
the national, state, and local societies. Under the direction of a stand- 
ing committee of Council on engineering and allied technical profes- 
sions the Bureau of Labor Statistics of the U. S. Department of Labor 
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conducted a special census of engineers with particular reference to 
educational background, occupation, income, and present status of 
employment. The results of the questionnaire will be presented in a 
report by the Bureau of Labor Statistics and it is expected to have a 
far-reaching influence on policies concerning engineering education 
and percentage distribution of engineers both by profession and by 
industry, the basis for professional consideration or compensation, 
and other policies of direct interest to the individual engineeer. 


OFFICERS AND DELEGATES 


President J. F. Coleman, past-president of the American Society 
of Civil Engineers, and consulting engineer of New Orleans, La., is 
serving the second of his two-year term as president. C. O. Bickel- 
haupt, of New York, Alonzo J. Hammond of Chicago, Paul Doty of 
St. Paul, and W. H. Woodbury of Duluth are vice-presidents. C. E. 
Stephens of New York is treasurer. 

Work of the Council in Washington is essentially a staff activity. 
The personnel of the organization is headed by Frederick M. Feiker, 
as executive secretary, serving his second year. During the year, 
with the approval of the executive committee, Lemuel V. Reese 
joined the organization as assistant secretary. Mr. Reese, joining 
the staff from the F.E.R.A. organization, brought a first-hand knowl- 
edge of the present government personnel, as well as a background of 
experience in engineering and industry. The secretaries of Council 
and of the national member organizations meet each month to assure 
coordination of effort. 

The last three years have seen a constantly increasing opportunity 
for the engineering profession to contribute its viewpoint and con- 
structive suggestion in public affairs. The delegates of The American 
Society of Mechanical Engineers believe it fortunate that there has 
been available in Washington an organization and headquarters for 
service, the American Engineering Council. The organization has 
been pointed to by societies of the other professions as an example to 
be followed. 

The American Society of Mechanical Engineers, from the begin- 
ning has supported this coordinated center for common action and 
its representatives believe it has possibilities of even wider and greater 
usefulness to the public and indirectly to the profession. 


Respectfully submitted, 


R. E. FLuanpers, Chairman 
L. P. ALForD 

Pau. Dory 

A. A. 


D. RoBpert YARNALL 
H. V. Cogs 
J. W. Roe Albernates 


AMERICAN STANDARDS ASSOCIATION 


On April 25, 1935, the Standards Council of the American Stand- 
ards Association voted to reorganize parts of the Association’s struc- 
ture to cope with the widening range of standards work. The 
chairman of the Standards Council, J. C. Irwin, was authorized to 
organize a mechanical committee, a textile committee, and a building- 
code correlating committee. Other intra-industry committees will be 
formed from time to time as the need develops. Because of the in- 
creased interest in standards for consumer goods, an advisory com- 
mittee on ultimate consumer goods was authorized. This body will 
advise the Standards Council on the problems in this field. 

During the year the Federal Housing Administration became a 
member body of the American Standards Association, and the 
American Automobile Association, Manufacturing Chemists Associa- 
tion, and the Motor Truck Association of America have become as- 
sociate members. A total of 36 member bodies represents 40 national 
organizations. Of these nine are governmental bodies, eight are 
technical societies, and 19 are trade associations. The 13 associate 
members consist of six technical societies and seven trade associa- 
tions. More than 600 national groups are now cooperating in 
developing and revising standards and safety codes under the proce- 
dure of the American Standards Association. 

Officers of the Association are: Howard Coonley, representing the 
A.S.M.E., president; F. E. Moskovies, representing the Society of 
Automotive Engineers, vice-president; P. G. Agnew, secretary, and 
Cyril Ainsworth, assistant secretary. J.C. Irwin is chairman of the 
Standards Council and F, M. Farmer is vice-chairman. 

As of September 10, 1935, the Association has approved 301 stand- 
ards, 65 of which are in the mechanical field. Since October 1, 1934, 
36 standards have been approved, six important projects being in the 
mechanical field. During the past 12 months nine requests for the 
initiation and approval of existing standards were received. 


Respectfully submitted, 
C. W. Spicer, A.S.M.E. Representative 
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THE ENGINEERING FOUNDATION 


The most important feature of The Engineering Foundation’s 
year of activity was the celebration of the twentieth anniversary of its 
founding. For the celebration the regular meeting, October 18, 
1934, was selected. Dr. Swasey accepted the Foundation’s invita- 
tion to be the guest of honor. Invitations to a subscription dinner 
drew acceptance from 78 persons: past and present members of the 
Foundation and United Engineering Trustees, Inc., officers of the 
Founder Societies and cooperating organizations of engineers and 
scientists, and a few personal friends of the Founder. Chairman 
Charlesworth presided and at the close of the program presented Dr. 
Swasey an engrossed testimonial signed by all the persons present. 
Addresses were made by Harry P. Charlesworth, Frank B. Jewett, 
a former vice-chairman of the Foundation, Ka>l T. Compton, presi- 
dent of Massachusetts Institute of Technology, and representing 
Harold V. Coes, president, United Engineering Trustees, Inc., vice- 
president George L. Knight. 

Total book value of endowments, December 31, 1934, was $882,000; 
and the E. H. McHenry bequest in the hands of executors until de- 
cease of two life beneficiaries, appraisal at probate of will in 1931, 
was approximately $400,000. These capital funds are held and ad- 
ministered by United Engineering Trustees, Inc. The net income 
from endowment was $5000 in 1915 and $40,000 in 1934. The 
Foundation Board has discretionary power in the use of income. 
For enterprises which the Foundation has aided, large contributions 
of money, services, and materials have often been obtained from 
organizations and firms in industry. 

The activities in 1934 included investigations of concrete and rein- 
foreced-concrete arches, earths and foundations, and plastic properties 
of concrete in the civil-engineering field; critical review of the world’s 
literature on alloy irons and alloy steels since 1890, and barodynamic 
research, both sponsored by the American Institute of Mining and 
Metallurgical Engineers; in cooperation with committees of The 
American Society of Mechanical Engineers, studies of effect of tem- 
perature on properties of metals, cutting of metals, thermal proper- 
ties of steam, mechanical springs, riveted joints, wire rope, boiler- 
feedwater studies, fluid meters, and strength of gear teeth; under 
sponsorship of the American Institute of Electrical Engineers and 
electric-welding research on pure-iron electrodes. 

Assistance was given also to the Engineers’ Council for Profes- 
sional Development, Personnel Research Federation, and for a survey 
by The Engineering Index. 

The present officers of the Engineering Foundation are: Chair- 
man, Harry P. Charlesworth; first vice-chairman, D. Robert Yarnall; 
second vice-chairman, Edwards R. Fish; members of executive com- 
mittee, Otis, E: Hovey, John V. N. Dorr, and Edwards R. Fish; rep- 
resentative on executive board of National Research Council, Harry 
P. Charlesworth; director and secretary, Alfred D. Flinn. 

Revised Rules of Administration have been drafted in accordance 
with the revised by-laws of the United Engineering Trustees, Inc. 
Copies of these rules are now available in pamphlet form. They 
govern applications for grants and the other procedures of the Founda- 
tion. 

Welding Research. On the invitation of A.I.E.E. a conference was 
held on April 22 of 18 representatives of technical organizations and 
the industry. This conference discussed plans and _ possibilities 
for a comprehensive welding research project, and nominated eight 
members of a Committee to be appointed by the Foundation. This 
Committee was appointed on April 25 and held a meeting on May 6 
attended by all members, the chairman of the conference and the 
director of the Foundation. This meeting stated the principal 
elements of a program, appointed a Subcommittee on Literature and 
a Subcommittee on Research Projects, and directed that a canvass be 
made of contributions to be expected from industrial concerns, es- 
pecially of services and materials for the research. 

The members of the Welding Research Committee are: Comfort 
A. Adams, chairman, professor of electrical engineering, Harvard 
Engineering School; David S. Jacobus, advisory engineer, Babcock 
and Wilcox Company; Henry M. Hobart, consulting engineer, 


General Electric Company; James H. Critchett, vice-president, 
Union Carbide and Carbon Research Laboratories; Glen F. Jenks, 
commanding officer, Watertown Arsenal; Frederick T. Llewellyn, 
research engineer, U. S. Steel Corporation; John J. Crowe, engineer 
in charge of apparatus research and development for the Air Reduc- 


tion Company; and William Spraragen, secretary, consulting engi- 
neer. 


Respectfully submitted, 


W. H. Futweiier (1936) 


D. Rosert YARNALL (1936) \ A.S.M.E. Representatives 
A. E. (1939) 
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ENGINEERING SOCIETIES EMPLOYMENT SERVICE 


The Engineering Societies Employment Service, a joint activity 
conducted by the four National Societies, maintains offices in the 
Engineering Societies Building in New York, at Chicago, and San 
Francisco. Each of these offices is in charge of a manager who is 
supervised by a local Advisory Board. Each Advisory Board is 
made up of a member of each of the Four National Societies. 

In New York, the Society of Naval Architects and Marine Engi- 
neers participates; in Chicago, the Western Society of Engineers; 
and in San Francisco, the Engineers’ Club and the California Sec- 
tion of The American Chemical Society. 

It has been found necessary during the last few years to restrict the 
service to members of the participating organizations, unless no 
member can be found who has the necessary qualifications. In New 
Yor! , non-members of the Societies have been aided through a special 
activity, known as the Professional Engineers’ Committee on Un- 
employment, which was organized and conducted by the New York 
Local Sections of the four National Societies. In Chicago and San 
Francisco, where there was no activity comparable to that carried 
on by the P.E.C.U., the Employment Service served a reasonably 
large number of non-members. This was in cases of openings for 
stationary engineers, chemical engineers and special classifications 
generally found within the membership of the participating societies. 
The fees collected through these placements reduce the expense of 
operation on the part of the societies to underwrite any deficit that 
occurs from year to year. 

Tables showing the registrations and placements for each of the 
offices follow directly. 


REGISTRATIONS, BY SOCIETIES 


For New York, Chicago, and San Francisco offices 
from August 1, 1934, to July 31, 1935, inclusive 


A.S.C.E. A.I.M.E. A.S.M.E. A.LE.E. W.S.E. S.N.A. A.C.S. E.C. N.M. Total 


Oe ae 341 110 405 313 4 9 

56 32 83 88 62 = 

San Francisco.... 92 97 92 62 = of 17 
WO éscsssns 489 239 580 463 66 9 17 


PLACEMENTS, BY SOCIETIES 


For New York, Chicago, and San Francisco offices 
from August 1, 1934, to July 31, 1935, inclusive 


A.S.C.E. A.I.M.E. A.8.M.E. A.LE.E. W.S.E. S.N.A. A.C.S. E.C. N.M. Total 


New York....... 116 27 242 112 1 1 

14 1 32 18 52 

San Francisco... . 18 27 36 9 1 1 5 
er 148 55 310 139 54 2 5 


Respectfully submitted, 
C. E. Davigs, A.S.M.E. Representative 


ENGINEERS’ NATIONAL RELIEF FUND 


From August 15, 1934, to September 4, 1935, the Board of Direc- 
tion of the Engineers’ National Relief Fund considered and acted 
upon seven applications for loans. Of these cases two were those of 
the A.S.C.E., one, A.S.M.E., and four were of non-members. A 
total of 3570 was paid out of which $345 was returned during this 
time. 

Except in extreme and exceptionally worthy cases, the Loan Fund 
was available only to members of the four National Societies or to 
members of local societies with which the Local Sections of the four 
National Societies are affiliated. It was understood that the loan 
was to be on the basis of a revolving fund, made for the briefest pos- 
sible period consistent with providing an emergency service. The 
basis for this policy was to have the fund circulating to the greatest 
extent. Assistance to engineers in dire distress was generally de- 
termined by a study of answers to a group of questions, which answers 
wherever possible were furnished as a result of investigation by local 
organizations. 


Respectfully submitted, 


G. Arwoop (Am.Soc.ofC.E.), Chairman 
Lanvon F. Stropet (A.I.M.E.) 

E. B. (A.I1.E.E.) 

Wituiam A. SHoupy (A.S.M.E.)! 


1W. W. Macon, A.S.M.E. representative, died January 1, 1935. Mr. 
Shoudy was appointed to succ him on the Board of Direction. 
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INTERNATIONAL ELECTROTECHNICAL COMMISSION 


The eighth Plenary Meeting of the International Electrotechnical 
Commission convened on June 18, 1935, at Scheveningen, Holland, 
for the first week of meetings and continued during the following week 
in Brussels, Belgium. 

There were over four hundred and fifty delegates present, of whom 
14 represented the United States National Committee of the I.E.C. 
The American delegation was led by Dr. C. H. Sharp, President of the 
U.S.N.C., and the delegates were selected in the greater part from 
the sectional committees of the A.S.A. and the A.S.M.E. Committees 
on Power Test Codes. American industry, therefore, participated 
directly in the deliberations of the I.E.C, 

Twenty advisory-committee meetings were held during the two 
weeks, including those on steam turbines and internal-combustion 
engines. The committees which held sessions at Scheveningen 
dealt with nomenclature, aluminum, insulating oils, rules and regula- 
tions for overhead lines, radio communication, electrical installations 
on ships, electric cables, electronic devices and steam turbines, while 
at Brussels meetings were held on symbols, lamp caps and holders, 
standard voltages and currents and high-voltage insulators, electric- 
traction equipment, measuring instruments, terminal markings, 
switchgear, accumulator batteries, and internal-combustion engines. 

The International Electrotechnical Commission embraces prac- 
tically every branch of the electrical industry and from the point of 
view of standardization in its broadest sense is dealing with matters 
of the highest commercial importance. The I.E.C. is engaged in 
preparing standard specifications which can serve as models for the 
use of the several member nations in international trade. In its 30 
vears of existence it has accomplished more 
than is generally recognized. And, although 
the [.E.C. recommendations are not so much 
in the public eye as they might be, they are 
constantly permeating the national standards 
74 1256 as well as industry as a whole, where their 
identity or origin is often lost. 

252 612 The U. S. National Committee of the I.E.C. 
ea 607 2470 functions as Secretariat for Advisory Com- 
mittees No. 1 on Nomenclature; No. 4 on 
Hydraulic Turbines; No. 5 on Steam Tur- 
bines; No. 14 on Rating of Rivers; and No. 
19 on Internal-Combustion Engines. During 
the year preparations had been made for the 
meetings of Advisory Commitiees No. 1, No. 


116 $155 and No. 19. 
1 178 Advisory Committee No. 5 on Steam Tur- 


bines held a week of meetings at Scheveningen 
while No. 19 on Internal-Combustion Engines 
met for a week in Brussels. At both meetings 
a considerable degree of international agreement was attained, which 
was due, in part, to the fact that all business coming before the 
committees had been the subject of extended correspondence be- 
tween the various national committees and the Secretariat over a 
period of four years. The written opinions of the various national 
committees were condensed into a number of printed Secretariat 
reports which were submitted at the meetings. 

At the meetings of Advisory Committees No. 5 and No. 19, the 
U. 8. National Committee was represented by Francis Hodgkinson, 
Acting Director of the Secretariat on Steam Turbines and Director 
of that on Internal-Combustion Engines, by K. McH. Irwin, delegate 
and by C. B. LePage, Assistant Director of both of the Secretariats. 


Respectfully submitted, 


H. N. Davis 
E. C. Hurcutnson 


bas. .E. Representatives 
Francis HopGKINSON 


ENGINEERS’ COUNCIL FOR PROFESSIONAL 
DEVELOPMENT 


The program of Engineers Council for Professional Development 
looking toward the enhancement of the status of the engineer is 
divided into four parts: 


(1) Educational and vocational orientation of young men 

(2) Cooperation between the engineering profession and engi- 
neering schools 

(3) Further personal and professional development of young 
engineering graduates 

(4) Establishment of suitable standards for professional recog- 
nition. 
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SOCIETY RECORDS 


During the year substantial progress has been made in all elements 
of this program. 

The most tangible progress has been made in the matter of co- 
operation between the profession and education. In this field the 
preliminary work on the program for accrediting curricula in engi- 
neering schools has been completed and as the year drew to a close 
steps were being taken to accredit some twenty institutions in the 
New England and Middle Atlantic areas. 

In the establishment of suitable standards for professional recog- 
nition, two Societies, the American Society of Civil Engineers and 
our own, have initiated changes in their Constitutions to provide for 
modification of the requirements for the grade of Member and the 
addition of a grade of Fellow. 

In the vocational orientation of young men, groups have been 
organized in over a score of centers throughout the United States 
to provide this guidance for prospective candidates for engineering 
schools. 

In the post-college development work a leading list and a personal 
self-analysis blank have been perfected and distributed. 

The complete report of the work of this important body may be 
secured for the sum of ten cents by writing to the Secretary at 
29 West 39th Street, New York City. 


Respectfully, 


C. F. Hirsuretp 
W. E. WICKENDEN >) A.S.M.E. Representatives 
WiuuiaM L. Batr 


JOINT A°VARDS 


The A.S.M.E. participates in a number of joint awards. These 
follow together with brief statements giving the purpose of the 
awards, the participating bodies, the names of the A.S.M.E. represen- 
tatives for 1934-1935, and the awards made between October 1, 
1934, and September 30, 1935. 

John Fritz Medal, for notable scientific or industrial achievement; 
Am.Soc.C.E., A.I.M.E., A.S.M.E., A.I.E.E.; R. V. Wright, C. N. 
Lauer, A. A. Potter, Paul Doty. Award for 1935 to Frank Julian 
Sprague. 

Gantt Gold Medal, for distinguished achievement in industrial 
management as a service to the community; Institute of Manage- 
ment Division of A.S.M.E.; Jos. W. Roe, David B. Porter, F. E. 
Raymond. Award for 1935 to Arthur Young. 

Daniel Guggenheim Medal, for notable achievement in advance- 
ment of aeronautics; A.S.M.E., S.A.E., Canada, England, France, 
Germany, Holland, Italy, Japan; H. I. Cone, Porter H. Adams, E. E. 
Aldrin, B. M. Woods. Award for 1935 to William F. Durand. 

Herbert Hoover Medal, for distinguished public service; Am.Soc. 
C.E., A.I.M.E., A.S.M.E., A.I.E.E.; Ambrose Swasey, C. N. Lauer. 
No award. 

Alfred Nobel Prize, for most meritorious technical paper published 
by participating societies; Am.Soc.C.E., A.I.M.E., A.S.M.E., 
A.LE.E., Western Society of Engineers; Arthur M. Greene, Jr. 
Award for 1935 pending. 

Washington Award, for advancing human progress through engi- 
neering; Am.Soc.C.E., A.I.M.E., A.S.M.E., A.I.E.E., Western 
Society of Engineers; Geo. F. Gebhardt, C. B. Nolte. Award for 
1935 to Ambrose Swasey. 


NATIONAL MANAGEMENT COUNCIL 


During the past year the National Management Council has been 
engaged primarily in plans for American participation in the Sixth 
International Congress for Scientific Management, held in London, 
England, July, 1935. The A.S.M.E. Management Division cooper- 
ated in this effort. The Congress was reported as being highly suc- 
cessful with an attendance of over 2000. The American management 
bodies were represented by five, all members of the A.S.M.E. The 
next International Management Congress will be held in the United 
States in 1938. 

The informal suggestion from the National Management Council 
resulted in the planning and organizing of a series of nine meetings 
in the Metropolitan area under the joint auspices of the Sections 
of societies and associations concerned with management problems. 


Respectfully submitted, 


J. A. PIAcITELLI, 
C. W. 


Representatives 
H. V. Cogs 
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NATIONAL RESEARCH COUNCIL 


DIVISION OF ENGINEERING AND INDUSTRIAL RESEARCH 


In the Division of Engineering and Industrial Research there are 
four main research projects in which steady progress is being made: 
highway research; electrical insulation; heat transmission; and 
welding research. 

Highway Research. The Highway Research Board held the largest 
meeting of a series of 14 annual meetings on December 6 and 7, 1934. 
The registered attendance was 383 against 314 for last year and 282 
for 1932. From the program of this meeting 20 papers have been 
selected for publication in the Proceedings of the Board which will be 
issued later (in an edition of 2000 copies). In addition the Board 
issues Highway Research Abstracts (mimeographed) ten times during 
the year for the presentation of information concerning important 
unpublished research work. 

Among its active projects are: 


(a) Investigations on the use of high-elastic-limit steel for concrete 
reinforcement 

(b) The warping of concrete pavement slabs 

(c) The stabilization of the surface of low-cost-type roads 

(d) Studies on highway costs in relation to economic planning. 


Electrical Insulation. The Committee on Electrical Insulation held 
its seventh annual meeting on October 25 and 26, 1934, at the Uni- 
versity of Illinois with an attendance of about 90. Nineteen techni- 
cal papers were presented dealing with current investigations on 
the theory and practice of electrical insulation. These papers have 
been published (in planographed form) for the committee with the 
assistance of the Brooklyn Edison Company. 

Annual meetings of this Committee are now recognized as very 
useful occasions for the exchange of information in regard to current 
research in this country on dielectrics. In addition to publishing the 
papers at these meetings, the Committee has sponsored the prepara- 
tion of a series of four monographs (published commercially) the 
last of which will be issued next spring. These monographs deal with 
“The Nature of a Gas,” “Liquid Properties of Glass,” ‘“‘Liquid Di- 
electrics,’’ and “Impregnated Paper Insulation.” 

Heat Transmission. The Committee on Heat Transmission has 
sponsored the preparation of a second treatise on heat insulation 
which will be prepared by E. C. Rack, of the Johns Manville Corpora- 
tion, and is expected to be issued early in 1936. This new volume, 
together with the book on ‘‘Heat Transmission’”’ of Prof. W. H. Mc- 
Adams, of the Massachusetts Institute of Technology, issued in 1933, 
will provide a complete review of present knowledge of the transmis- 
sion and conservation of heat. 

Welding Research. The Committee on Fundamental Research in 
Welding held its fourth annual conference in New York on October 2, 
1934, with an attendance of 42. The object of this Committee is to 
place welding engineers in touch with university physicists and metal- 
lurgists who can undertake research on fundamental problems en- 
countered in the fusion of metals in welding, particularly iron and 
steel. Ten special reports were completed during the year, by col- 
laborators with this committee and the committee is in‘touch al- 
together with some 66 research projects now in progress in university, 
governmental, and industrial laboratories. 

Cooperation With the Science Advisory Board. The Division of 
Engineering and Industrial Research has also materially assisted the 
Science Advisory Board of the National Research Council throughout 
the year by maintaining contacts with government officials in the 
Department of Commerce. The Director of the Division has made 
frequent trips to Washington and has been closely in touch with a 
number of governmental agencies which are concerned with progress 
of industrial research. 


Respectfully submitted, 


Davin S. Jacosus 


F. Matcotm .E. Representatives 
Bert 


UNITED ENGINEERING TRUSTEES, INC. 


The United Engineering Trustees, Inc., has three departments, 
The Engineering Foundation, the Engineering Societies Library, and 
the Administrative. 

Under By-Laws revised in 1934, operations have been greatly 
simplified and clarified. The newly created Real Estate Committee 
has functioned efficiently in matters outside the technical operation 
of the Engineering Societies Building. It has cooperated in many 
ways with the Finance Committee, thereby distributing the heavy 
responsibilities placed upon a few men already overloaded by their 
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professional interests. Distinct progress has been made toward the 
initiation of another permanent committee for the purpose of raising 
funds by gift, deed, bequest, or other method, ‘‘for the furtherance of 
research in science and engineering or for the advancement in any 
other manner of the profession of engineering and the good of man- 
kind.” 

The corporation continues as treasurer for the Professional Engi- 
neers’ Committee on Unemployment and has recently accepted ap- 
pointment as treasurer for Engineers’ Council for Professional De- 
velopment, thus further serving the profession and its interrelated 
organizations, and fulfilling the purpose of its creation by the Founder 
Societies. 

Members of the governing bodies of the Founder Societies and offi- 
cers of their joint functional organizations met on the evening of 
May 20 and heard progress reports of the many projects which are 
operated jointly by the Founder Societies. The benefit of social con- 
tact by members of these groups was felt to be an important factor in 
tending to knit together more firmly the entire profession, through 
better understanding of the work and objectives of the different 
groups of joint activities of the Founder Societies. 

Important improvements are being made in the public-address 
system in the Engineering Auditorium in order that it shall represent 


the ultimate in service to its users. This new system, coupled with 
our motion-picture projectors will make possible sound and color 
pictures in the auditorium, and should prove attractive to Society 
users and patrons and bring additional engagements. Seats have 
been added on the main floor of the auditorium thus increasing com- 
fort by the more judicious use of space. Windows throughout the 
Engineering Societies Building have been repaired to prevent drafts 
and discomfort to the occupants of the offices, at the same time con- 
serving steam, and the physical property. 

The several departments of United Engineering Trustees, Inc., have 
remained within their budgets which were made on a most conserva- 
tive basis. The income from the Engineering Societies Building 
activities was at a minimum owing to the continued reduction on 
a most conservative basis. 

Full statistical and detailed reports on the activities of the United 
Engineering Trustees, Inc., is presented to the Societies in the An- 
nual Reports of the President and the General Manager in October 
of this year. 

Respectfully submitted, 


D. YARNALL A.S.M.E. 
RAUTENSTRAUCH 
Haroun V. Coes epresentatives 


Service Rendered by the Office of the Society 


The function of the office of the Society is to perform the regular 
duties connected with the many committee activities of the Society, 
to serve as a service bureau to the members and on behalf of the mem- 
bers as a service bureau to the public, in so far as facilities and 
resources permit. In general, the office staff keeps the books, main- 
tains an accurate address record, edits the publications, secures the 
advertising, and maintains contacts with the Local Sections, Profes- 
sional Divisions, Student Branches, and Technical Committees, 
all under the policy direction of the Council. In detail, however, 
the activities of the office are complicated. To aid in understanding 
them the following brief statement is given as an indication of the 
volume of work being performed in each group. 

Secretary’s Department (3): Secretary and two assistants. 

Supervision. Coordination. Contacts with joint bodies. Direct 
service to the Council, Executive Committee, and Special Com- 
mittees. 

Field Department (12): Assistant Secretary and eleven assistants 
nine in New York, one in Chicago, one in Tulsa. 

Seventy-one Local Sections (visited 38 in 1935), correspondence, 
speakers lists, appropriations. 

Seventeen Professional Divisions (with about 60 subcommittees), 
six National Meetings. 

Annual Meeting, 50 sessions, 105 authors, 60 committee meetings. 

Semi-Annual Meeting, 20 sessions, 42 authors. 

One hundred and thirteen Student Branches (visited 48 in 1935), 
3300 applications for student membership; 10 district confer- 
ences. 

Admissions, 2000 applications requiring 6000 communications, 340 
resignations. 

Employment, Engineer's National Relief Fund, Professional En- 
gineers’ Committee on Unemployment, Engineering Societies 
Employment Service. 

Special Duties, technical inquiries, foreign visitors, awards, Max 
Toltz Fund, Freeman Fund, handling cases of 6240 dropped or 
suspended members. 


Editorial Department (6): Editor, five full-time assistants, two part- 
time. Twenty-one hundred pages in Mechanical Engineering 
text and Transactions (including Journal of Applied Mechanics 
and Student Branch Bulletin), edited, styled, proofread, and 
published. Reports of Committees, Codes, ete., and special- 
meeting printing. 

Advertising and Sales Department (15): Advertising manager, three 
sales representatives, seven on production of Mechanical Engi- 
neering advertising and Catalog including promotion, special 
service, layout, proof checking, publishing, and billing. Sepa- 
rate distribution list of 14,000 for catalog. 

Publications Sales (4): Sales of codes, reports, reprints, etc. 

Technical Committee Department (¢): Assistant Secretary and five 
assistants. 

Four hundred and thirty-nine Committees and subcommittees of 
Boiler Code, Power Test Codes, Standardization, Safety, and 
Research. Follow-up and publication of reports. Committee 
meetings, etc. 

Relations with American Standards Associations, International 
Electrotechnical Commission, etc. 

General Office (22): Office manager in charge. 

Accounting (3): 15,000 individual accounts, 200 commercial ac- 
counts, 30,000 individual cash receipts annually, 5000 checks 
written annually. 

Shipping, stores, and mail (4): 250,000 pieces of mail received, 
8400 orders for publications, badges, etc. handled. 

Addressograph and mimeograph (4): 16,000 address plates, 8000 
changed each year; 30,000-40,000 address imprints per month; 
50,000 copies from 250 stencils each month. 

Filing (2). 

General clerical and stenographic (8): master address record, 
14,000 names, reception (800 visitors per month), stencil cutting, 
mail opening, etc. 


C. E. Davigs, Secretary 
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Depositories for A.S.M.E. Transactions in the United States 


OUND copies of the complete Transactions of The Ameri- 

can Society of Mechanical Engineers will be found in the 

libraries in the United States and other countries which are 
listed on the following pages. 


Alabama 
Auburn.... 
Birmingham. . 
Arkansas 
Fayetteville. . 
California 


Berkeley 
Long Beach 


Los Angeles... .. 


Oakland 


Pasadena 
Santa Clara 
San Diego. . 


San Francisco. . 


Stanford Univ 
Colorado 


Boulder. . 
Denver 
Fort Collins. . . 
Connecticut 
Bridgeport 
Hartford 
New Haven 
Waterbury. . 
Delaware 
Newark... 
Wilmington. . 
District of Columbia 
Washington. . 


. 


Florida 
Gainesville 
Jacksonville 
Miami 
Tampa... 


Georgia 


Atlanta. 


Savannah....... 


Idaho 


Moscow........ 


Illinois 


Chicago......... 


Moline. . 
Urbana. 


Indiana 


Evansville...... 
Fort Wayne..... 


Indianapolis. 


Notre Dame. . 
Terre Haute.... 
West Lafayette. . 


.. Engineering Library, Alabama Poly. Inst. 
.Public Library 


. Engineering Library, Arkansas University 


Library, University of California 
Public Library 


.Publie Library 


University of Southern California 


Oakland City Library 


Teachers’ Professional Library 
Library, California Institute of Technology 


. Library, University of Santa Clara 
.Publie Library 


Publie Library (Civic Center) 
Engineers:Club of San Francisco 
Mechanics Institute 

Library, Stanford University 


. Library, University of Colorado 


Public Library 
Colorado State Agricultural College 


. Public Library 


Public Library 
Publie Library and Yale University 


Silas Bronson Library 


.University of Delaware 
.Wilmington Free Institute 


Scientific Library, U. 8S. Patent Office 


Library of Congress 

Bureau of Standards Library 
George Washington University 
Catholic University 


_University of Florida 
. Free Public Library 
.Publie Library 
.Publie Library 


Carnegie Public Library 
Georgia School of Technology 
Public Library 


University of Idaho 


John Crerar Library 

Western Society of Engineers 

Lewis Institute of Technology 

Library, Armour Institute of Technology 
Public Library of Chicago 


. Public Library 
. University of Illinois 


Public Library 
Public Library 


.Public Library and Indiana State Library 
. Library, University of Notre Dame 


Rose Polytechnic Institute 


.Library, Purdue University 


Iowa 
Ames............lowa State College 
Des Moines...... Public Library 
Iowa City.... State University of Iowa 
Kansas 
Kansas City...... Public Library, Huron Park 
Lawrence...... . Library, University of Kansas 
Manhattan.......Kansas State Agricultural College 
Wichita.... . Wichita City Library 
Kentucky 
Lexington. . _University of Kentucky 
Louisville. . . . . Speed Scientific School 
University of Louisville 
Louisiana 
Baton Rouge.....Louisana State University 
New Orleans..... Howard Memorial Library 
Louisiana Engineering Society 
Public Library 
Tulane University 
Maine 
Maryland 
Annapolis........United States Naval Academy 
Baltimore........ Johns Hopkins University 
Engineers Club of Baltimore 
Public Library 
Massachusetts 
Boston. ......... Engineering Societies of New England 
Northeastern University 
Boston Public Library 
Cambridge .Harvard University (Engineering Library) 


Fall River...... 


Lowell... 
New Bedford 


Springfield....... 


Tufts College. . 
Worcester....... 


Michigan 


Ann Arbor. . 
Detroit... ... 


East Lansing... . 


Flint 


Massachusetts Institute of Technology 


. Public Library 


Lowell Textile Institute 
Free Public Library 
Free Public Library 
Springfield City Library 


. Tufts College 
. Worcester Polytechnic Institute 


Free Public Library 


. University of Michigan 


Grand Rapids... . 


Houghton... 


Jackson........ 


Minnesota 


St. Paul..... 
Mississippi 
State College. 


Missouri 


Montana 


Bozeman. 
Nebraska 
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Public Library 

Cass Technical High School 
Highland Park Public Library 
University of Detroit 


.Michigan State College 


Public Library 
Public Library 


. Michigan College of Mining & Technology 
.Publie Library 


Public Library 

University of Minnesota 

Minneapolis Public Library (Engineering 
and Circulating Libraries) 

James Jerome Hill Reference Library 


Mississippi State College 


University of Missouri 

Public Library 

Missouri School of Mines and Metallurgy 
Engineers Club of St. Louis 

Public Library 

Washington University 

Mercantile Library 


.Montana State College 


University of Nebraska 
Public Library 
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Columbia........ 
Kansas City..... 
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Nevada 


New Hampshire 
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Durham... 


New Jersey 


Bayonm 
Camden. 


Jersey City...... 


Newark. 


Jamaica, 


Schenectady..... 


Syracuse 


North Carolina 


Chapel Hill...... 


North Dakota 
Fargo... 


Cleveland........ 


Columbus........ 


Oklahoma City. . 


Stillwater........ 


University of Nevada Library 


University of New Hampshire 


Free Public Library 
Free Public Library 
Free Public Library 
Stevens Institute of Technology 
Free Public Library 
Newark College of Engineering 
Free Public Library 


. .Rutgers University 


Free Public Library 
Princeton University 
Free Public Library 


New York State Library 
Polytechnic Institute 

Pratt Institute 

Brooklyn Public Library 

The Grosvenor Library 
Engineering Society of Buffalo 
Buffalo Public Library 

Cornell University 

Queens Borough Public Library 
Engineering Societies Library 
Public Library 

College of the City of New York 
Cooper Union 

Columbia University 

New York Museum of Science and Industry 
New York University Library 
Clarkson College of Technology 
Rochester Engineering Society 
Union College 

Syracuse University 

Public Library 

Rensselaer Polytechnic Institute 
Public Library 

Public Library 


University of North Carolina (Engineering 
Library) 
North Carolina State College 


North Dakota State Agricultural College 
University of North Dakota 


Ohio Northern University 
Public Library 

University of Akron 

Public Library 

University of Cincinnati 
Public Library 

Engineers Club of Cincinnati 
Public Library 

Case School of Applied Science 
Cleveland Engineering Society 
State of Ohio Library 

Public Library 

Ohio State University 
Engineers Club of Dayton 
Public Library 

University of Toledo 

Public Library 


Oklahoma University 


.Public Library 


Oklahoma Agricultural and Mechanical 
College 
Public Library 


Oregon State Agricultural College 
Portland Library Association 


Pennsylvania 


Allentown 
Bethlehem....... 


Lewisburg....... 
Philadelphia... . . 


Pittsburgh....... 


Reading......... 
Scranton......... 
State College..... 
Swarthmore...... 


Kingston........ 


South Carolina 
Clemson College 
Tennessee 


Texas 


Utah 
Salt Lake City. . 


Vermont 
Burlington....... 

Virginia 
Blacksburg....... 
Charlottesville. .. 


Washington 


Seattle. ... 


Spokane......... 


West Virginia 
Morgantown..... 


_. Free Library 


Lehigh University 
Public Library 
Lafayette College 
Public Library 


. Bucknell University 


Engineers Club 

Drexel Institute 

The Free Library 

University of Pennsylvania 
Franklin Institute 

University of Pittsburgh 
Engineers’ Society of Western Pennsylvania 
Carnegie Institute of Technology 
Carnegie Library (Schenley Park) 
Carnegie Free Library of Allegheny 
Public Library 

Public Library 

Pennsylvania State College 
Swarthmore College 

Villanova College 

Public Library 


Rhode Island State College 
Brown University 

Providence Engineering Society 
Public Library 


. Library, Clemson College 


Public Library 
University of Tennessee 
Goodwin Institute 
Vanderbilt University 


University of Texas 


. .Agricultural & Mechanical College of Texas 


Public Library 

Southern Methodist University 

Public Library 

Carnegie Public Library 

Rice Institute 

Public Library 

Texas Technological College (School of 
Engineering) 

Carnegie Library 


. University of Utah 


Public Library 


University of Vermont 


Virginia Polytechnic Institute 


.University of Virginia 


Public Library 
Virginia State Library 


State College of Washington 


.. Public Library 


Engineers Club 
University of Washington 
Public Library 
Public Library 


West Virginia University 


Library, University of Wisconsin 

Public Library 

Board of Industrial Education, Vocational 
School Library 

Marquette University 


Wyoming University 


; 
| 
Reno............ 
Elizabeth........ 
Hoboken...... 
New Brunswick 
Princeton........ 
Trenton. ......... 
New York 
4 
Brooklyn 
Wilkes-Barre..... 
Providence 
‘ovidence....... 
New York. ...... 
Kingsport........ 
Knoxville........ 
Memphis 
Rochester........ 
4 
......... Austin.......... j 
College Station . 
Yonk 
Fort Worth. ..... 
Lubbock......... 
San Antonio...... 
Ohio 
4 
q 
Norman......... Wisconsin 
4 


Depositories for A.S.M.E. Transactions Outside the 
United States 


Argentine 


Buenos Aires..... 


Australia 


Adelaide........ 


Belgium 


Brazil 


Rio de Janeiro.... 


Sao Paulo....... 


Canada 


Montreal........ 


‘Toronto. 


Chile 


China 


Cuba 


Czechoslovak 


ia 


Danzig Free 


Denmark 


Copenhagen..... 


England 


Birmingham.... 
Cambridge. 
Liverpool. . 


Manchester. ..... 


Sheffield......... 


Wales 


France 


Germany 


Cologne (Kéln).. 


Biblioteca de la Sociedad Cientifica 


. Public Library of Adelaide 


Public Library of Victoria 
University of Western Australia Library 
Public Library, N. 8S. W., Sydney 


University of Louvain 


Bibliotheca da Escola Polytechnica 
Bibliotheca Nacional 


. Bibliotheca da Escola Polytechnica 


McGill University 
Engineering Institute of Canada 
University of Toronto, Library 


Universidad de Chile, Facultad de Ciencias 
Fisicas y Matematicas (Engrg. School) 


.College of Technology of Peiping University 


.Cuban Society of Engineers 


Masarykova Akademie Prace 
Society of Czechoslovak Engineers 


. Bibliothek der Technischen Hochschule 


. The Royal Technical College 


.. Birmingham Public Libraries 
. University of Bristol 
_University of Cambridge 
_University of Leeds 


Public Library of Liverpool 
Liverpool Engineering Society 


_City & Guild Engineering College 


Institution of Automobile Engineers 

Institution of Mechanical Engineers 

Institution of Civil Engineers 

Institution of Electrical Engineers 

The Junior Institution of Engineers 

The Royal Aeronautical Society 

Manchester Public Libraries (Reference 
Library) 

University of Oxford 


The North East Coast Institution of Engi- 
neers and Shipbuilders 
Sheffield Public Libraries 


Cardiff Public Library 


University of Lyons 

Ecole Nationale des Arts et Metiers 

Ecole Nationale Supérieure de L’ Aeronau- 
tique 

EKeole Centrale des Arts et Manufactures de 
Paris 

Société des Ingénieurs Civils de France 


Verein deutscher Ingenieure 

Bibliothek der Technischen Hochschule 
Bibliothek der Technischen Hochschule 
Universitiits- und Stadtbibliothek 


Germany (Continued) 


Dresden...... 
Diisseldorf.. . . 


Hanover...... 
Karlsruhe... .. 
Leipsic....... 
Munich......... 


Stuttgart..... 


Hawaii 


Honolulu. .... 


Holland 


India 


Amsterdam... 
The Hague...... 
Rotterdam...... 


Bangalore. . . 


Calcutta... .. 
Poona....... 


Rangoon... 


Ireland 


Italy 


Yokohama... . 


Merico 


Mexico City 


Roumania 


Bucharest...... 


Scotland 


Glasgow...... 


South Africa 
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Cape Town... 
Johannesburg... . 


..Bibliothek der Technischen Hochschule 


Biicherei des Vereines deutscher Eisen- 
hiittenleute 

Technische Zeutralbibliothek 

Bibliothek der Technischen Staatslehran- 
stalten 

Bibliothek der Technischen Hochschule 

Bibliothek der Technischen Hochschule 

Stadtbibliothek 


. Bibliothek der Technischen Hochschule 


Bibliothek des Deutschen Museums 
Bibliothek der Technischen Hochschule 


University of Hawaii Library 
y 


Koninklijke Akademie von Wetenschappen 


. Bibliotheek der Technische Hoogeschool 
. Koninklijk Instituut van Ingenieurs 
.Nationaal Technisch Scheepvaartkundig 


Institut 


. Mysore Engineers Association 


Bengal Engineering College 


. Poona College of Engineering 
.University of Rangoon 


..Queen’s University of Belfast 


Biblioteca della R. Scuola d’Ingegneria 
Comitato Autonomo per l|’Esame della 
Invenzioni 


. Biblioteca della R. Scuola d’Ingegneria 


Biblioteca della R. Scuola d’ Ingegneria 
Consiglio Nazionale delle Ricerche presso il 
Ministero della Educazione Nazionale 

Biblioteca della R. Scuola d’ Ingegneria 


Kobe Technical College 

Imperial University Library 

The Society of Mechanical Engineers 
Library of Yokohama 


Mexico 
Library of the Escuela de Ingenieros 
Mecanicos y Electricistas 


Den Polytekniske Forening 


Bibljoteka Publicazna 


University of Porto Rico 


Institute Superior Technico 


Scoala Polytechnica din Bucharest 


Royal Technical College 
Mitchell Library 


University of Cape Town 
South African Institute of Engineers 


elbourne....... Hamburg....... 
q 
j 
j 
Belfast........ 
Japan 
. .Asociacion de Ingenieros y Arquitectos de 
Warsaw......... 
Porto Rico 
Mayaguez... ... 
i L Portugal 
: 
? 
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Sweden 
Stockholm....... Kungl. Tekniska Hogskolan 
Svenska Teknologféreninger 
Gothenburg...... Chalmers Tekniska Institut 
Switzerland 
Zurich 


Bibliothek der Eidg. Technischen Hoch- 
schule 


Turkey 
Jetanbul......... Robert College 

U.S.S.R. 
Kharkov......... Supreme Economic Council of Ukraine 
Leningrad........ Leningrad Polytechnic Institute 
i Supreme Council of National Economy 


Tomsk..........Tomsk Polytechnic Institute 
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